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What do dreams really mean ? 

Treating inherited diseases with implanted genes. 



This minuscule quantum dot traps electrons in zero 
dimensions. It heralds a new era in designer materials. 
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examine biotechnological processes^ 
to gain insights 
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Human experience is one of the ' 
most reliable safety features of our time. 
Whether we board an aeroplane or a 
bus - we have to be able to rely totally 
on the captain. Yet, the captain in turn 
must be able to rely totally on the , 
material whose functions he controls. 
And that applies to literally everyone 
who has to handle materials of any 
kind. In any sphere of life. At any time 
- whether today or in the future. 

Sophisticated material testing is 
therefore an indispensable part of any 
production process. In this area 
Shimadzu can offer help worldwide. 
With the development and construc¬ 
tion of material testing machines for a 
diversity of applications. But that’s 
not all. 

Shimadzu is one of the world’s 
leading manufacturers of high tech ; 
equipment for material testing, ana- j 


lysis, biotechnology and medicine. 

4,000 people, in Japan, in many 
other countries of the world, and 
increasingly also in the Federal 
Republic of Germany - 2,000 of them 
in R & D alone - are working on the 
many different ways of solving tech¬ 
nical and biological problems. 

At our European headquarters in 
Duisburg (FRG) we have highly quali¬ 
fied experts working in the fields of 
research, development, production 
and distribution. 

In this process Shimadzu makes an 
invaluable contribution for the benefit 
of mankind, technology and the 
environment. For a safe life. And a life 
worth living. In line with the Shimadzu 

philosophy: Security of Life. Progress 
of Science. Saving of Labour. And 
| Advancement of Industry. 

1 Shimadzu helps to help. 
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Science, Technology and the Western Miracle 

Nathan Rosenberg and L. E. Rirdzeli, Jr. 

Two hundred and fifty years ago few Europeans enjoyed a standard of living 
in excess of the minimum required to sustain life. Then, with the advent 
of the Industrial Revolution, the economy took off. The heart of this miracle, 
the authors believe, is the dose alliance between sdence as a body of 
knowledge and the advances of industrial technology driving the marketplace. 



Black Holes in Galactic Centers 

Martin J. Rees 


Mounting evidence suggests that dormant black holes lie at the center of 
many galaxies. In the youngest galaxies, active black holes maybe the engine 
powering quasars that are brighter than 100 billion stars. The first quasars 
appeared soon after the birth of the universe—so soon, in fact, that the 
accepted big bang theory' may have difficulty explaining their origin. 



Gene Therapy 

Inde.r Af. Verma 

The first attempt to treat an inherited human disease by inserting a healthy 
gene into a patient is now r under way. Although such therapies have 
the potential to treat some of the 4,000 known genetic disorders, many 
obstacles remain. The most challenging is to assure that therapeutic 
genes are expressed adequately and persistently in the body. 



The Meaning of Dreams 

Jonathan Winson 

Freud thought dreams were the “royal road” to the unconscious. Others see 
dreams as the random static of a resting brain or as a mechanism for ridding 
the mind of useless information. The author proposes a new view: dreams 
reflect an evolutionarily important memory' process that allows animals to 
record and evaluate current experience to form strategies for survival. 



Knot Theory and Statistical Mechanics 

Vaughan E R. Jones 

Knots are fairly simple. Just take a piece of string and join both ends. Statistical 
mechanics, on the other hand, deals with huge, complex systems. Surprisingly, 
the two fields are intimately related. The author discovered the link while 
studying mathematical theories of quantum physics. His knot theory has 
already led to better understanding of how DNA twists during replication. 
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A Roman Factory 

A. Trevor Hodge 


In the south of France lie the ruins of a large mill complex, whose 16 water¬ 
wheels provided flour to the citizens of Arelate, the Roman predecessor of 
Arles. Ignored until 1940, the mill is rare evidence that the Roman Empire 
did not fall for want of mechanical power needed for industrial production. 



The Mechanical Design of Insect Wings 

Robin J. Wootton 


Nothing can beat an insect for aerial acrobatics. A fly, for example, can loop 
the loop, hover, reverse direction and land upside down, all in a fraction 
of a second. It owes that agility to ribbed wings that are subtly engineered, 
flexible airfoils. Insect wings have few, if any, technological parallels—yet. 



Trends in Materials 

Diminishing Dimensions 

Elizabeth Corcoran 


Materials scientists are getting down to basics: they are manipulating matter 
in layers just an atom thick to form materials that will be the building blocks 
of complex electronic and optical devices. In these minuscule structures, 
electrons are trapped in limited dimensions and behave in strange ways. 

The promise is a new generation of computers and lasers. 


DEPARTMENTS 



Science and the Citizen 


Deadly dioxin reveals its secrets,... 
The risks of computerized voting,,,. 
The universe In a liquid crystal.,,. 
Rebirth and rejuvenation on Mount 
St, Helens*.,, Forming crystals in 
light beams.... Overview: Hoard¬ 
ing the Dead Sea Scrolls. 



Science and Business 


Implantable hearing aids sound 
better.... Some tiny steps toward 
molecular computers.... The 
world's most powerful light bulb.... 
Lens makers imitate bug eyes..,. 
The Analytical Economist: Now 
consumers aren't spending enough. 



Letters 

Is Archaeopteryx a fraud?... Can 
Hudson Bay be a crater? 

50 and 100 Years Ago 

1940: Proof that fusion keeps the 
sun shining.... Soybean surge. 

Mathematical Recreations 

Exposing the crimes, scams and 
malpractices of mathematics. 

Books 

A physicist of few words.... A long 
look at hunger.... Optical art. 

Essay: J, Christopher Westland 
A computer scientist says Wall Street 
threatens the industry. 
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THE COVER transmission electron micrograph 
is an indium phosphide semiconductor struc¬ 
ture that contains a quantum dot. Built by 
Henryk Ternkin and his colleagues at AT&T 
Bell Laboratories, it measures less than a thou¬ 
sandth the size of a human hair at its base. 
When voltage is applied to the structure, elec- 
Lrons will be trapped in the deep purple region 
at the neck (made of indium gallium arsenide). 
When so confined, electrons exhibit unusual 
energy states, which may drive the next leap 
forward in electronics (see “ Diminishing Di¬ 
mensions," by Elizabeth Corcoran, page 74). 
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LETTERS 



A Canadian Crater? 

To the Editors: 

Although Richard A. F. Grieve [“Im¬ 
pact Cratering on the Earth," Scientif¬ 
ic .American, April] Is Canadian, he did 
not discuss the possibility that Hudson 
Bay marks the site of a very large mete¬ 
or impact. The virtually perfect circular 
arc of the bay's eastern shore and the 
positions of the Belcher Islands suggest 
that the body of water, or much of it, 
lies within an impact crater. 

Several expeditions drilling through 
the ice of frozen lakes in northern Que¬ 
bec east of Hudson Bay have recovered 
samples of shocked rock from various 
depths. The impacts that caused those 
formations have been theorized to be 
secondary fragments from a “main 
body," the impact of which would have 
created the shape of the eastern Hud¬ 
son Bay coast. 

Retd Watson 
San Diego, Calif. 

Grieve responds : 

Several lines of evidence militate 
against the hypothesis that the Nasta- 
poka Arc on the shore of Hudson Bay 
is an impact scar. Bathymetric and to¬ 
pographic examinations indicate that 
the semicircular appearance defined by 
the present shoreline will not he main¬ 
tained through a change in sea level. 
Geologic field parties have not been 
able to identify impact-related features 
at the Nastapoka Arc site, although 
such features have been found at the 
sites listed on the map of terrestrial im¬ 
pact craters. There is also no geophysi¬ 
cal evidence for an impact in the Nasta¬ 
poka Arc: a major geologic boundary 
passes undisturbed through the area. 


Fraud and Archaeopteryx 

To the Editors: 

Before we close the book on Fred 
Hoyle's charge of fraud against Ar¬ 
chaeopteryx [“Archaeopteryx r " by Pe¬ 
ter Welinhofer; Scientific American, 
May], it should be remembered that 
from as early as 1800 it has been well 
known that one can obtain exquisitely 


detailed relief patterns on Solnhofen 
limestone with a greasy ink resist and a 
nitric arid etchant. 

Certainly by the time the first feath¬ 
ered specimens were disclosed, any 
lithographer might have been able to 
make excellent impressions of feathers 
in the limestone without using any tell¬ 
tale binding material. A properly exe¬ 
cuted etch would probably leave the 
affected material virtually indistinguish¬ 
able from the surrounding stone, ex¬ 
cept, possibly, under the scanning elec¬ 
tron microscope. 

Perhaps a more intensive examina- 
lion may reveal that Hermann von Mey¬ 
er's choice of the name 11 Archaeopteryx 
Uthographica" is even more appropri¬ 
ate than Welinhofer suggests. 

Craig 1. Willis 
Weston, Ontario 
Canada 

Welinhofer responds : 

Indeed, there have been attempts to 
produce false fossils by etching Soln- 
hofenTimestone slabs with acid. If a 
fraudulent lithographer wished to etch 
impressions of feathers on die two fac¬ 
ing slabs of the Archaeopteryx fos¬ 
sils, however, then the feather imprints 
on both slabs would be negative im¬ 
pressions [depressions in the lime¬ 
stone], Such is not the case. The nega¬ 
tive impressions of feathers on one slab 
always correspond to positive casts 
I marks in relief] on the other slab. We 
see exactly this same form of preserva¬ 
tion in other fossils in Solnhofen lime¬ 
stone, such as those of pterosaurs with 
their wing membranes preserved. 


Good News from Africa 

To the Editors: 

“High Fertility in Sub-Saharan Afri¬ 
ca," by John C Caldwell and Pat Cald¬ 
well [Scientific American* May], pre¬ 
sents some interesting theories on the 
cultural factors that have sustained 
high fertility rates. We feel the article is 
unnecessarily bleak, however, in part 
because many of the conclusions are 
based on outdated information. 

New evidence from nationally repre¬ 
sentative sample surveys conducted 
between 1986 and 1989 in 10 sub-Sa¬ 
haran countries by the Demographic 
and Health Surveys (dhs) Program sug¬ 
gests a different picture. The surveys in 
Botswana, Zimbabwe and Kenya indi¬ 
cate large declines in fertility rates with¬ 
in the past few years. In Botswana the 
rate is five children per woman, which 
is considerably lower than the 6.5 chil¬ 
dren per woman measured in 1984. Fer¬ 


tility 7 htis also fallen by more than 12 
percent in Zimbabwe and Kenya since 
1984. Fertility in the other seven coun¬ 
tries surveyed shows either a slight de¬ 
cline or no apparent change. 

Although the authors’ statement that 
“female sterilization and even contra¬ 
ception are widely feared ” may be true 
in parts of Africa, it is certainly not the 
case in Zimbabwe or Botsw’ana, where 
a third of all married women are using 
modern contraception. 

Perhaps it is time to lay to rest the 
tendency to view sub-Saharan Africa as 
one culture and instead to acknowledge 
its diversity. As their Eurasian and Lat¬ 
in American counterparts did before 
them, these ethnic and national groups 
will adopt family planning and smaller 
family size norms at different paces. 

Anne R, Cross 

Korn Ekouevi 

Bernard Barrere 

Institute for Resource Development 

Demographic and Health 

Surveys Program 
Columbia, Md, 


Cold Comfort 

To the Editors: 

“The 3 He Superfluids," by Olli V. 
Lounasmaa and George Pickett [Scien¬ 
tific .American, June], reminded me of 
a story that Nobel prize-winning phys¬ 
icist Lawrence Bragg used to tell. He 
had been asked to address a group of 
British Army officers and had chosen 
the topic of liquid helium. After the 
talk, an officer thanked him and said, 
“Sir Lawrence, that w r as frightfully in¬ 
teresting, how you get to within a cou¬ 
ple of degrees of absolute zero. But tell 
me, what on earth do you chaps wear ?” 

Robert Greenwood 
Carmel, Calif. 


ERRATA 

In "Energy in Transition," by John P. 
Holdren [SCIENTIFIC American, Septem¬ 
ber 1, a tern wan was incorrectly defined 
through an editing error: it is equal to a 
trillion watts. On page 114 of the article, 
the last sentence of the first paragraph 
was also truncated accidentally. The sen¬ 
tence should have concluded that “Lhe 
world is too interconnected by... pos¬ 
sibilities for venting frustrations militar¬ 
ily for the consequences to remain con¬ 
fined in the South 

tn " Energy for Industry,” by Marc H. 
Ross and Daniel Steinmeyer [Scientific 
American, September], the captions of 
the two illustrations on page 48 were 
reversed. 
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50 and 100 

YEARS AGO 



NOVEMBER, 1940: “It is almost two 
years since Hans Be the published his 
beautiful explanation of why the Sun 
keeps on shining. Hydrogen supplied 
the fuel, helium formed the ashes, 
and carbon and nitrogen kept the pro¬ 
cess going by a chain of reactions at 
the end of which they were formed 
anew. Rethe’s theory now rests entire¬ 
ly on observed facts. According to the 
new calculations, however, the abun¬ 
dance of N 15 in the Sun should be only 
1/200,000 that of N 14 The heavier iso¬ 
tope is about 800 times more abun¬ 
dant than this on the Earth. Moreover, 
terrestrial rocks contain small, but by 
no means negligible, amounts of lith¬ 
ium and beryllium, whose nuclei are 
the easiest to break up, and would ex¬ 
ist in only infinitesimal proportions in¬ 
side the Sun. Unless—or until—some 


way out of this impasse can be found, 
we appear to be shut up to the conclu¬ 
sion that the presence of these light el¬ 
ements is a survival from some primi¬ 
tive state of the universe, perhaps ante¬ 
dating the existence of the stars." 

“The soybean has become an indus¬ 
trial product with extraordinary rapid¬ 
ity and, if progress is maintained, it 
may yet nose out com in relative im¬ 
portance. Oil from the beans goes into 
soaps, paints, and varnishes. The pro¬ 
teins in the meal can be made into 
parts for automobiles such as the horn 
buttons, moldings, and small fittings, 
just like any plastic. Production of soy¬ 
beans in this country has multiplied 17 
times in the past six years and is still 
expanding/* 

“The possibility that America’s rub¬ 
ber supply will be cut off looms as a se¬ 
rious threat, particularly if the rubber 
colonies should be seized by one of the 
totalitarian powers. There are two pos¬ 
sible solutions to the problem, which 
should go hand in hand. The first is 
rapid development of synthetic rub¬ 
ber. The second is to establish supply 
sources in the Western Hemisphere. 
The Ford Motor Company has a $20,- 
000,000 project in Brazil, consisting of 



Improved water cycle 


two plantations along the Tapajoz Riv¬ 
er, a major tributary of the Amazon/’ 

“Oxygen in the ocean is probably 
used up more rapidly by bacteria and 
other micro-organisms than it is by all 
the fish and other visible animals rang¬ 
ing from dny shrimp to giant octopus¬ 
es, suggests Dr. Claude E. ZoBell of the 
Scripps Institution of Oceanography at 
La Jolla, California. A quart of ocean wa¬ 
ter may contain anywhere from 100,- 
000 to 10,000,000 bacteria, consuming 
oxygen at the rate of .001 of a cubic 
centimeter to more than one cubic cen¬ 
timeter per quart per year.” 



NOVEMBER, 1890: “Dr. McPherson, 
writing to a local scientific journal 
{ Pacific Record ), states that it has now 
been undeniably proved that distilled 
water has a blue color. A Scotch gen¬ 
tleman of much perseverance has car¬ 
ried out a series of experiments, and 
proved this fact, which he says is easily 
demonstrated as follows: Let down into 
water a metal tube (open at the top and 
closed with a dear glass plate at the 
bottom) dose to a white object 20 feet 
below the surface. This object when 
looked at through the tube has a most 
beautiful blue color. The object would 
have appeared yellow if its color was 
due to light reflected by small particles 
of matter suspended in the w ? ater.” 


“Dr. P. A. Morrow used grafts which 
included not only the entire thickness 
of the derma, but also subcutaneous 
tissue beneath. He had been led to 
do this in the case of a man who had 
become somewhat hypochondriac be¬ 
cause of a scar on the scalp, which in 
later years became exposed from scar¬ 
city’ of hair. He first took grafts from 
the patient’s own scalp, on the oppo¬ 
site side, by means of the cutaneous 
punch, and immediately transplanted 
them into holes of the same size made 
by the same instrument in the scar 
tissue. Very 5 much to his gratification, 
union was perfect within a week.” 

“The arrangement of the water cy¬ 
cle made by Joseph Komer—who has a 
foundry in Olmutz—can easily be seen 
from the accompanying drawing. The 
rider can use the two oars, shown rest¬ 
ing on the forks, in pushing the ma¬ 
chine off the sand banks without dis¬ 
mounting. In one trial, a distance of 
more than a quarter of a mile w r as cov¬ 
ered in four minutes up stream, and in 
tw f o and a half minutes down stream.” 
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NEW 




The LEICA R-E: a new SLR camera with universal aperture priority mode designed for 
uncomplicated photography. Exposure time is set automatically while aperture preselection 
offers the freedom to compose with depth of field as the essential creative element. Together 
with the new zoom lens VARIO-ELMAR-R 28-70 mm, the LEICA R-E is the ideal SLR camera 
for photography that is uncomplicated. At the same time, focal lengths ranging from wide- 
angle to small tele open up a fascinating dimension of creative photography. Leica Photography. 


The freedom to see. 


LEICA CAMERA GMBH, OS K AR-B A RN ACK-STRASS E 11, D-633i5 SOLMS PHOTO: CLIVE DAVIS 



SCIENCE and the CITIZEN 


“A Great Poison” 

Dioxin helps elucidate 
the function of genes 


O ne man's poison can be another 
man's passion. Even dioxin— 
the infamous contaminant in 
Agent Orange—is loved by some. This 
small and relatively silent band of fol¬ 
lowers has been probing the molecular 
mechanisms of the toxic compound for 
some 20 years, Hying to stay out of the 
political and scientific jungle that en¬ 
velops the chemical’s toxicity. 

These researchers are revealing the 
intricate details of dioxin's activity in 
cells, where it now appears that the 
chemical mimics a hormone. Their dis¬ 
coveries could elucidate dioxin's di¬ 
verse biological effects to support 
or contest conflicting epidemiological 
studies and could also provide valuable 
insights into gene expression and tar¬ 
get genes in general. “The next five 
years are going to reveal what genes 
dioxin affects and how they relate to 
important toxic effects such as cancer 
and immune suppression/' predicts 
Ellen K. Silbergeld, a toxicologist with 
die Environmental Defense Fund. “At 
last we have a molecular handle on 
what's going on.” 

There are 75 kinds of dioxins, but 
the most potent, 2,3,7,8-tetrachiorodi- 
bcnzo-p-dioxm, also called TCDD or, 
simply, dioxin, has been the principal 
object of scrutiny. This compound is 
created during combustion and as a 
contaminant in some chemical manu¬ 
facturing processes. Trace amounts 
were present in the defoliant Agent Or- 



Boss Tweed as hacker, 
honeybee dancing, 
liquid-crystal cosmos, 
Dead Sea Scrolls dispute 

ange, which was widely used during the 
Vietnam War. An accident at a chemical 
plant in Seveso, Italy, led to widespread 
local contamination in 1976. 

Gaims that the herbicide had injured 
Vietnam veterans and chemical plant 
workers touched off numerous investi¬ 
gations. Since then, animal data have 
shown TCDD to foe lethal at some dos¬ 
es and to cause a host of different 
effects—including cancer, thymus and 
liver damage, birth defects and im¬ 
mune-system depression—that vary by 
species. Epidemiological studies find¬ 
ing increased occurrence of soft-tissue 
sarcoma and non-Hodgkin's lymphoma 
in people exposed to dioxin have been 
hotly contested; studies finding no 
such associations have also been wide¬ 
ly criticized. One uncontested long¬ 
term human effect is chloracne—a 
sometimes disfiguring skin condition. 

Understanding dioxin's biological ac¬ 
tivity 7 entails finding a mechanism that 
explains why different species respond 
in different ways. Why, for example, are 
hamsters unaffected by a dose that can 
kill a guinea pig? Why do female rats 


develop liver cancer after doses of 
TCDD, and male rats do not? 

Researchers now know that dioxin 
works by reversibly binding to an intra¬ 
cellular receptor, which also binds with 
similar compounds such as polychlori- 
nated biphenyls (PCBs), The receptor is 
soluble, that is, it is not bound to the 
cell membrane. “All [of TCDD's] toxici¬ 
ty is mediated through this receptor,” 
says Alan P. Poland, a professor of on¬ 
cology at McArdle Laboratory for Can¬ 
cer Research at the University of Wis¬ 
consin at Madison, who isolated the di¬ 
oxin receptor in 1976. The potency of 
dioxins or of PCBs is a direct reflection 
of their ability to bind with the recep¬ 
tor—and TCDD binds most avidly, ex¬ 
plains James P. Whitlock, Jr., a pharma¬ 
cologist at Stanford University. 

The receptor-dioxin complex binds 
with DNA at what may be one of sever¬ 
al dioxin recognition sites. This site is 
a regulatory 7 region located upstream 
from a gene that encodes an enzyme 
from the cytochrome P-450 family. Al¬ 
though dioxin induces the expression 
of other genes as well, this response is 
the most thoroughly documented. 

The cytochrome P-450 protein works 
to detoxify cells. This “garbage dispos¬ 
al enzyme,” as Poland describes it, 
helps break down fats. Increasing lev¬ 
els of this enzyme, however, can lead 
to the formation of potentially danger¬ 
ous compounds. One researcher de¬ 
scribes P-450 as a double-edged sword. 
The effect of dioxin on P-450 levels 
and the consequence of these levels re¬ 
main to be explored. 

Despite dioxin’s ability to initiate the 
metabolism of many other compounds, 
TCDD itself is not broken down, 




OTHER PROTEINS 


DIOXIN'S ACTIVITY IN CELLS 


TCDD enters the cell and binds to the re¬ 
ceptor f allowing it to bind with the DNA. 


The TCDD-receptor complex binds DNA at 
specific sequences of nucleotides, causing 
the DNA to bend. 


Once bent, DNA is locally more accessible 
to other proteins, facilitating the transcrip¬ 
tion of such genes as cytochrome P-450. 
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“which is one of the reasons to be coo- 
cemed about it,” Whitlock says. TCDD 
persists in the body and has an esti¬ 
mated half-life of five years. 

Dioxin may also regulate other target 
genes, Silbergeld and her colleagues at 
the University of Maryland, where she 
is a visiting professor* have identified 
six genes, aside from that for P-450, 
whose expression is affected by dioxin. 
William F. Greenlee* a toxicologist at 
the Chemical Industry Institute of Tox¬ 
icology in Research Triangle Park, 
North Carolina, has found evidence of 
two more. 

The dioxin receptor has been ob¬ 
served in many kinds of cells from 
many species, including humans and 
sharks—suggesting some evolutionary 
significance. Although there is some 
variation in the receptor between spe¬ 
cies, investigators say these differences 
alone do not account for the varying 
toxicity observed between animals. 
One explanation is that other factors, 
such as the environment or genetic 


makeup, could modulate TCDD's ef¬ 
fect. The region on the DNA is “like an 
electrical switch with a dimmer: TCDD 
may turn it on, but something else 
turns it up or down," Whitlock says. 

Dioxin does not appear to damage 
DNA. That, along with other laboratory 
evidence, has led researchers to postu¬ 
late that it could be a cancer promoter 
rather than inducer—meaning that oth¬ 
er factors could initiate a cancer but 
that TCDD would help it along. Indeed, 
animal experiments have shown that 
dioxin promotes the formation of tu¬ 
mors once a carcinogen has been intro¬ 
duced into the cell. 

in the laboratory, TCDD has also 
been shown to affect the normal 
growth and differentiation of human 
skin cells and other tissues, including 
rat liver. George W. Lucier, a biochemist 
at the National institute for Environ¬ 
mental Health Sciences, has found that 
TCDD will cause cancer in the rat liver 
only in the presence of estrogen. Fe¬ 
male rats develop cancer after doses 


of dioxin, but ovariectomized rats and 
male rats do not—even after “huge" 
doses. "Dioxin's carcinogenic effects 
are probably related to cell prolifera¬ 
tion," Lucier says. In turn, “these path¬ 
ways are related to estrogen." 

Although its role in cancer remains 
unclear, TCDD "is unique in that few 
carcinogens bind to a specific intra¬ 
cellular receptor," Greenlee says. Track¬ 
ing it may reveal how chemical carcino¬ 
gens alter normal growth processes. 

Recently Whitlock discovered that 
TCDD may bend DNA—a potential 
stage in gene transcription. “In the test 
tube, the binding of the receptor to the 
DNA bends the DNA, distorting it,” 
Whitlock says. Usually DNA is packed 
into the nucleus and hard to get to. 
When bent, DNA is exposed and may 
become more accessible to proteins in¬ 
volved in gene expression. “It is as if 
that region has been opened up in 
some way," he observes. 

Whitlock and others have also deter¬ 
mined the seven-nucleotide sequence 
of the site where the dioxin-receptor 
complex binds to the DNA (nucleotides 
are the component molecules of DNA). 
This pattern recurs four or five times in 
the same region—all within 400 nu¬ 
cleotides of one another. Such repe¬ 
tition is “not a random occurrence,” 
Whitlock says, and supports the idea 
that the site served an evolutionarily 
beneficial purpose. 

The existence of the receptor and 
the binding sites has suggested to re¬ 
searchers that TCDD may be analogous 
to a hormone. The “true" fit to the 
receptor could be an as of yet undis¬ 
covered compound. “The natural com¬ 
pound must be very important,” Silber¬ 
geld says, who notes that dioxin is hor¬ 
monelike in that it reversibly binds to a 
specific protein receptor. 

The receptor, however, may not have 
any physiological counterpart. “Maybe 
the toxicological response is a vesti- 
gal one,” Poland says—meaning that 
the receptor bound with something 
external that may no longer exist, leav¬ 
ing P-450 as a response to the environ¬ 
ment. But, Poland asks, why should 
immune suppression or cell prolifer¬ 
ation be triggered by environmental 
contaminants? 

Whatever the outcome, though, the 
new TCDD data are more than support¬ 
ing evidence in an epidemiological de¬ 
bate. Just as morphine led to the dis¬ 
covery of endorphins, dioxin is leading 
to an under standing of gene expres¬ 
sion. “This was a secret wired part of 
the body. Dioxin pushed the button, 
and it lit up," Poland says. “Dioxin is a 
great poison, and poisons elucidate 
physiology.” — Marguerite Holloway 


Questions about a major herbicide 

W hile the controversy over Agent Orange has focused on dioxin contami¬ 
nation, the defoliant’s major components are also causing concern. 
Agent Orange, which was sprayed over some six million acres in Viet¬ 
nam, was a one-to-one mixture of two herbicides: 2,4,5-trichlorophenoxy- 
acetic acid (2,4,5-T) and 2,4-dichlorophenoxyacetic acid (2,4-D), The first, 
2,4,5 T was banned in 1 985. The second, 2,4-D, is now the third most widely 
used pesticide in the U.S. The Environmental Protection Agency (epa) estimates 
that between 52 million and 67 million pounds were used in 1987. 

Now the attack on 2,4-D is intensifying. Scientists at the National Cancer In¬ 
stitute (nci) in September reported as much as a threefold increase of non- 
Hodgkin’s lymphoma In Nebraska farmers who mixed or applied the herbicide. 
Moreover, their risk increased with the frequency with which they used 2,4-D. 
“We don’t say that it is 2,4-D alone," says Shelia Hoar Zahm, the nci epidemiol¬ 
ogist who fed the controlled study. “It could be mixed with something. But we 
don’t think it is a confounded association." 

Zahm’s findings, reported in Epidemiology, recall her 1986 examination of Kan¬ 
sas farmers. That study found a sixfold increase of non-Hodgkin’s lymphoma 
among farmers who used the herbicide for 20 or more days each year of expo¬ 
sure. The nci researchers made adjustments for differences between the farmers 
and the controls and for the use of other pesticides. But those differences "don’t 
explain away the association [of the cancer] with 2,4-D,” says Aaron Blair, chief of 
nci’s occupational studies section and an author on both studies. 

A member of the Industry Task Force If on 2,4-D Research and Data dis¬ 
agrees. The study "does not necessarily prove it is a cause-and-effect relation¬ 
ship/' says Wendell Mullison, a herbicide consultant to the group, which repre¬ 
sents such 2,4-D manufacturers as Dow Chemical Company and BASF. “I don’t 
agree with their interpretation of the data." Mullison argues that many factors 
could affect the results—including relying on memory. He adds that animal 
data do not support the human findings. 

Animal data reported in 1 986 that link 2,4-D with brain tumors are what 
prompted the era to announce last year that it is considering a special review 
of the pesticide—a process initiated when the agency has serious concern 
about a certain compound. But the industry task force says the animal data are 
not significant, because only male rats developed tumors; females and mice 
did not. The group is conducting another study to determine the validity of the 
original findings, Mullison says. 

For now, the era is holding off on a special review until it sees more data, in¬ 
cluding the results of another nci study on non-Hodgkin’s lymphoma in Iowa 
and Minnesota farmers, according to agency spokesman Albert Heier. That 
study is expected to be released in the spring of 1991. —M.H. 
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The 0’s Have It 

Can digital ballot boxes 
keep elections honest? 


W hen voters go to the polls on 
November 6, more than half 
will use some form of com¬ 
puter that will record or count votes. 
Microprocessing the democratic pro¬ 
cess is supposed to make vote tallying 
faster and more reliable and insulate 
it from the information-age disciples 
of William Marcy Tweed, the infamous 
boss of Tammany Hall. But although 
the machines may be capable of deliv¬ 
ering the advertised benefits, they have 
raised a host of new problems. Legis¬ 
lators, election officials and citizens* 
groups see a need for stifi'er oversight 
to ensure that elections do not fall vic¬ 
tim to programming errors or electron¬ 
ic ballot-box stuffing, 

“When there are glitches in com¬ 
puterized elections, the public loses 
confidence in government, 1 ’ says Roy 
G. Saltman, a computer scientist with 
the National Institute of Standards 
and Technology (ntst). 

So far no computer hacker has gone 
to jail for tinkering with the software 
that runs a voting machine. But nist 
has documented numerous examples 
of problems that have occurred in com¬ 
puter-administered elections. Incidents 
include a supplier reprogramming soft¬ 
ware during the election, the loading 
of an incorrect ballot-reading program 
and logic errors in programs. 

In 1980 the lack of controls prompt¬ 
ed Congress to ask the Federal Election 
Commission to look into developing 
guidelines for the technical design of 
computerized vote-tallying equipment. 
Just this year, what the fec acknowl¬ 
edged was an ill-funded effort final¬ 
ly resulted in standards for hardware, 
software, security and equipment test¬ 
ing. The standards, which have no 
force of law, have received lukewarm 
reviews from some technical experts, 
although at least 12 states have incor¬ 
porated part or all of them into regula¬ 
tions for approving election equipment. 

Some manufacturers already claim 
their products are worthy of receiving 
an fec seal of approval. One company 
that does so is R. F. Shoup Corporation 
in Bryn Mawr, Pa., which has sold the 
largest number of fully computerized 
systems that eliminate punch cards 
and other forms of paper entry into the 
computer. Robert J. Boram, Shoup's 
director of engineering, says his com¬ 
pany ’s machines—which retain in Eve 
separate memories a record of vote to¬ 
tals—have the advantage of doing away 


with the physical ballot, which could be 
used for ballot-box stuffing. 

The temptation is dearly there. As 
part of a larger voting scandal, two poll 
workers from Chicago were sentenced 
in 1985 to prison terms for running a 
single punch card through a counting 
machine 500 times to record a straight 
party-line Democratic vote while put¬ 
ting a separate card through six times 
for the Republicans. {Punch cards and 
optical scanning are less sophisticated 
forms of computerized voting.) 

Although ballot-box stuffing can be 
witnessed and reported by co-workers, 
there is no guarantee that an all-elec¬ 
tronic machine has recorded the votes 
correctly. A programming error—acci- 
dental or deliberate—is hidden from 
view. “These machines are just a black 
box," Saltman says. “If you vote for 
Smith and the machine lights up for 
Smith, you don't know whether it's ly¬ 
ing or not.” 

In many cases, elec lion ofhcials rely 
on the companies that make the com¬ 
puterized systems for software exper¬ 
tise—an interdependency' that is greet¬ 
ed with wariness by critics. More worri¬ 
some, these same companies, to sell the 
machines, must hobnob with the politi¬ 
cians who will be elected by the equip¬ 
ment. In New 7 York City a $ 50-million 
contract to buy 7,000 computerized 
polling machines has become bogged 
down. The Manhattan District Attor¬ 
ney’s office says it is investigating alle¬ 
gations that a city official tried to solic¬ 
it a bribe from one of the vendors. 

And a New York City agency that 
investigates corruption by firms that 
do business with the city found that 
Shoup used data from a confidential 
consultant's report to eliminate weak¬ 
nesses in its proposal, The matter has 


HOW WE VOTE 

REGISTERED 

VOTERS* 

(MILLIONS) PERCENT 

PUNCH CARDS 

51 

40 

LEVER MACHINES 

39 

31 

ALL-ELECTRONIC 

•4: 

3 

OPTICAL SCAN¬ 
NING 

12 

10 

PAPER BALLOTS 

3 

6 

UNDETERMINED 
VOTING METHOD 

12 

10 

TOTAL 

126 

100 

* Includes 1988 registered voters from 49 states: 
North Dakota does not maintain a voter registry. 

| SOURCE ELECTION DATA SERVICES 
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been referred to the district attorney. 
The report, a Shoup spokesman said, 
was sent anonymously to the company 
and was not used to outflank rivals. 

Bidders have also hired representa¬ 
tives who are well connected with the 
city's political establishment. Shoup’s 
director of marketing and public af¬ 
fairs, Clifford E. Wilson, is a former 
New York assemblyman, who, after 
leaving the legislature, served as an 
aide to a commission that drafted the 
New York law regulating the purchase 
of computerized election equipment. 
Shoup is not alone. Other companies 
have advisers with links to the city. 

New York is not the only place where 
buying these machines can draw a pros¬ 
ecutor's eye. Shoup employees were 
called to testily before a grand jury in¬ 
vestigating the purchase of 1,200 vot¬ 
ing machines in Shelby County (Mem¬ 
phis). Wilson counters that the grand 
jury was convened because of baseless 
allegations by a former employee. 

The possibility of buying influence 
has moved a citizens’ group. Election 
Watch, to call for drastic changes in 
the way voting equipment is sold. The 
group believes that ultimately program¬ 
ming should be taken out of the hands 
of private contractors altogether. “I 
don't think elections should be a pri¬ 
vate business,” says Mae Churchill, 
Election Watch's director. 

To be sure, every voting technique is 
subject to fraud and abuse: fooling 
with the ballot box is a time-honored 
American tradition that predates the 
computer. But with these new tools at 
hand, the Boss Tweed of the year 2000 
may rig elections not by delivering or¬ 
ders to a trusted political lieutenant 
but by changing a line or two in a 100,- 
000-line program. — Gary Stix 



ELECTRONIC BALLOT BOX was demon 
strated during an election in New York ■ 
Photo: Joseph D. Gray. 
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Trojan Cow 

An embattled hormone 
raises social questions 


I t's been nine years since Monsanto 
submitted the first information on 
its genetically engineered bovine 
growth hormone to the Food and Drug 
Administration. Since then, the compa¬ 
ny lias turned in a stack of data 67 feet 
high. The studies have already con¬ 
vinced the fda that the recombinant 
drug, which increases milk production 
by 10 to 25 percenL, is safe for human 
consumption. But the agency wants 
still more results. The question now is 
whether the hormone is safe for ani¬ 
mals—and society. 

Even though the drug, also known 
as bovine somatotropin (BST), passed 
fda's human food safety requirements 
five years ago, the agency is discount¬ 
ing with a “maybe, maybe not’ 1 rumors 
that marketing approval for one brand 
of BST will come in spring of 199 L 
Since 1985, Monsanto and three oth¬ 
er manufacturers—Upjohn, American 


Cyanamid and Elanco (a subsidiary' of 
Eli Lilly}—have been permitted to sell 
milk and meat from experimentally 
treated animals. About 1 percent of the 
nation's dairy cows have been treated 
with BST. 

Because BST remains so con troversial, 
the fda took an unprecedented step to 
put the human health safety questions 
to rest once and for all in September. 
Two of its researchers published a re¬ 
view of SO years of studies on the safe¬ 
ty of the hormone, both natural and ge¬ 
netically engineered. “We decided to get 
it out in a public journal peer reviewed 
by scientists with no economic interest 
in BST,'’ explains John K. Augsburg, 
special assistant to the director of the 
fda’s Center for Veterinary Medicine. 

The published report in Science did 
not satisfy a stampede of critics. “The 
question is. What are the potential 
harmful effects on the cattle?” asks 
Andrew Kimbrell, an attorney for the 
Foundation on Economic Trends in 
Washington, D.C. 

The foundation, run by avowed bio¬ 
technology foe Jeremy Rifkin, holds 
that BST causes cow “burnout,” or 


chronic fatigue, and stresses the ani¬ 
mals* immune systems. Monsanto ad¬ 
mits that some cows have shown in¬ 
creased incidence of mastitis, an in¬ 
flammation of the udders. “It remains 
an open Issue," concedes Monsanto 
spokesperson Laurence O'Neill, who 
notes that high-producing cows gen¬ 
erally have a greater incidence of this 
common infection. The fda says that 
it requires more data on animal safe¬ 
ty—“not just on the drug’s effects in 
cows but on their calves,” Augsburg 
notes. He says these studies are one of 
the reasons the review process is tak¬ 
ing so long. 

Similar concerns for animal health 
have stymied the approval of BST in Eu¬ 
rope, The British Ministry of Agricul¬ 
ture said the drug was effective and 
posed no risk to human health or the 
environment. But the ministry withheld 
approval because it, too, said the data 
on animal safely were insufficient. 

The scientific issues of BST will be 
more easily resolved than the political 
and economic issues. “Special-interest 
groups are using animal safety argu¬ 
ments as a Trojan cow for other agen¬ 
das, which include stopping biotech¬ 
nology and bashing big business,*' de¬ 
clares Franklin M. Loew, dean of the 
Tufts University School of Veterinary' 
Medicine. 

Fanners and their representatives 
arc coming out on different sides of 
BST, depending on their own local ag¬ 
ricultural economies. Larger, more effi¬ 
cient farmers tend to be more amen¬ 
able to BST than smaller, less tightly 
managed dairymen. States like Ver¬ 
mont, where small farms predominate, 
are concerned about the loss of family 
dairies, which have been declining in 
this country since the 1930s. 

Companies including Ben & Jerry’s 
Ice Cream in Waterbury, Vt., and Kro¬ 
ger’s Supermarkets hi Cincinnati op¬ 
pose BST in the name of preserving the 
family farm. But Loew sees a different 
issue. “BST is not the final nail in the 
coffin of dairying, but this is an ur¬ 
ban-rural conflict,” he asserts. The con¬ 
sumers of milk, most of whom live in 
urban areas, are far more concerned 
about the price of milk lhan the liveli¬ 
hood of farmers, Loew r says. 

Meanwhile the fda itself is under 
scrutiny. The agency’s review' of BST 
is being audited by the General Ac¬ 
counting Office and the Department 
of Health and Human Services. In ear¬ 
ly December yet another review of the 
human health safety aspects of BST 
will be conducted by the National Insti¬ 
tutes of Health. The nih will spend two 
days taking expert testimony to get a 
consensus. — Deborah Erickson 


Terrorist shrimp kidnaps for defense 


I n McMurdo Sound in Antarctica, 
two scientists have discovered that 
a shrimplike crustacean the size 
of a match head holds an even small¬ 
er, snail I ike mo Husk hostage—but not 
for ransom. The kidnapper, which is 
known as an amphipod, abducts the 
tiny mollusk, or pteropod, because it 
produces a noxious chemical that wards 
off predatory fish. 

James B. McClintock of the University 
of Alabama at Birmingham and John 
Janssen of Loyola University in Chicago 
report in Nature that amphipods, which 
have no natural chemical defense, will 
actively capture and hold pteropods on 
their backs. The abduction occurs most 
often in shallow water, where predatory 
fish are most abundant. 

The fish, which normally gobble 
up amphipods but avoid pteropods, 
' would swim up to the [pair] and 
stop—clearty looking at the object— 



then turn and swim away," McClintock 
says. Fish that were hand-fed the duo 
quickly spat them out, sometimes with 
violent head shakes. In fact, investiga¬ 
tors have not found a fish that actually 
eats the pteropod, whose natural pred¬ 
ator remains unknown. McClintock and 
Janssen think the pteropods either syn¬ 
thesize their chemical defense, as some 
other shell-less marine mollusks do, 
or derive it from their diet of smalier 
pteropods. 

Pteropods do not seem to enjoy the 
ride. They retract tightly and do not 
feed whiie in captivity—which may last 
more than a week. Because the re¬ 
searchers have never found any dead 
pteropods on an amphipod, they con¬ 
clude that an amphipod probably re¬ 
leases the hostage before it starves, 
then grabs another one. 

The odd relationship between the 
two is a kind of symbiosis but does not 
fail into any of the usual subcatego¬ 
ries, such as parasitism. “There don’t 
appear to be any obvious benefits for 
the pteropod," McClintock says, but the 
amphipod pays a price for defense. The 
crustacean expends more energy to re¬ 
main afloat, which reduces its swim¬ 
ming speed by about 40 percent and 
thus impedes its ability to capture and 
feed on smaller crustaceans. Still, the 
abduction strategy may be the best 
way for the amphipod to avoid becom¬ 
ing a menu selection in a fish-eat-am- 
p h i pod wo r Id. — Ph Hip Yam 
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Light Motif 

Binding spheres with light 
forms curious crystals 


i i T f you cross Lhe positron beams," 
I Dr, Egon Spengler warned his 
_l_ colleagues as they took aim at 
an ectoplasmic slime, “life as you know 
it will stop instantaneously and every 
molecule in your body will explode at 
the speed of light.” Crossing the beams 
was a fata! mistake in the movie Ghost 
Busters, but it has proved an invaluable 
technique at Rowland institute for Sci- 
cnce in Cambridge, Mass, By crossing 
laser beams, investigators have generat¬ 
ed a pattern of light that organizes mi¬ 
croscopic particles into novel crystals. 

The researchers, Michael M. Bums, 
Jean-Marc Fournier and Jene A, Golov- 
chenko, focus from two to five laser 
beams through the bottom of a glass 
box filled with water and micron-size 
plastic spheres. The laser beams, which 
are only as powerful as a conventional 
light bulb, interfere with one another 
to create a pattern of light and dark 
regions within the box. The spheres 
move away from the dark regions and 
become trapped in the bright regions. 
There they coalesce into what the in¬ 
vestigators call optical matter. 

Unlike most crystals whose bonds 
depend on chemistry (the exchange 
and distribution of electrons), optical 
matter is held together with light (the 
exchange and distribution of photons). 
For this reason, crystals bonded by 
light "can be considered a new form of 
matter,” wrote the researchers in the 
August 17 issue of Science , 

The concept of confining particles 
in light fields was firsi tested in 1970 
by Arthur Ashkin of Bell Laboratories. 
Two decades later Bums, Fournier and 
Golovchenko began trapping particles 
on a much grander scale by manipulat¬ 
ing the geometry of the light pattern. 
Two interfering laser beams can line 
up spheres in rows; three can create a 
hexagonal pattern. 

With five beams, however, the result 
is a quaskrystal—an intermediate be¬ 
tween orderly crystals and disorderly 
glasses. The quasicrystal generated by 
the Rowland team is composed of pen¬ 
tagonal units that are quite regular in 
shape, but the units fit together in an 
irregular manner. 

Such optical matter can be preserved 
as long as the hght pattern is main- 
tamed—and no one knocks into the 
apparatus. The optical forces that hold 
the crystal together are 100 times 
stronger than the fluid forces that 
would cause the spheres to move ran- 



QUASICRYSTAL (bottom) is formed 
when micron-size plastic spheres be¬ 
come trapped in a light pattern gener¬ 
ated by five laser beams < top). 


donily through the water (a phenom¬ 
enon known as Brownian motion). A 
sphere trapped within a large, bright 
region will move "like a marble in a sal¬ 
ad bowl," Burns describes. 

If several spheres are caught within a 
bright region, they bind together, form¬ 
ing their own crystalline structure—an 
effect unanticipated by Burns and his 
collaborators. This binding force aris¬ 
es from a rather intricate light pattern, 
which is generated when the light that 
scatters off ihe spheres interferes with 
the unscattcrcd laser light. The binding 
force is about 10 to 20 times weaker 
than the forces generated by the pris¬ 
tine light pattern. 

In several ways, the binding forces in 
optical matter are quite different from 
those found in conventional crystals, 
First, the forces act over a distance 
many times greater than the diameter 
of the sphere, whereas atomic forces in 
conventional crystals are short-range. 
Second, the optical forces space the 
particles at discrete distances. Third, 
the forces are generated from outside 
rather than within the crystal. “The 
combination of the different character¬ 
istics of the force with control from the 
outside enables us to choose what w ? e 
want to do with optical matter," Burns 
comments. 

So far the investigators have been 
able to create crystals composed of 
polystyrene beads, titanium dioxide 
spheres and even the bacteria Esche¬ 
richia coli. In theory, the technique 
will work with any material, providing 


it scatters light. In practice, when one 
side of the sphere absorbs much more 
light than the other, Bums observes, 
the spheres turn into "unguided, min¬ 
iature rockets spinning around." 

Burns, who describes himself as a 
"laser jock,” claims that he and his col¬ 
leagues are on the verge of producing 
three-dimensional crystals composed 
of thousands of spheres. The Rowland 
team is also attempting to use the tech¬ 
nique to manipulate individual atoms. 
In many laboratories, researchers have 
isolated individual atoms in electro¬ 
magnetic bottles and have cooled these 
atoms down by slowing their motions. 
If an intense light pattern could be 
introduced into this system, workers 
could specify the structure of an opti¬ 
cal crystal, atom by atom. 

Because optical matter changes struc¬ 
ture in response to laser light and be¬ 
cause its structure can modify the be¬ 
havior of the light, Bums thinks optical 
matter could be incorporated in switch¬ 
es or connectors for optical systems. 
Optical matter could also be convert¬ 
ed into permanent crystals by harden¬ 
ing the fluid medium. These crystals 
might serve as optical filters or grids 
to grow' human tissue. It may turn out 
Lhat by crossing the beams, life as we 
know it could be assembled with the 
speed of light. — Russell Ruthen 


Stinging Criticism 

A “controversy n over bees' 
dance language resurfaces 


E very scientific field, it seems, has 
its gadfly. The field devoted to 
studying that endlessly fascinat¬ 
ing emblem of organization, the honey¬ 
bee, has two: Adrian M, Wenncr of the 
University of California at Santa Bar¬ 
bara and Patrick H. Wells of Occidental 
College in Los Angeles. For some 25 
years these biologists have insisted 
there is no proof that bees returning 
from a successful foraging run per¬ 
form intricate dances to tell others m 
the hive where to find the food. They 
say bees use only their sense of smell. 
Virtually all biologists familiar with 
honeybee research reject this claim. 
They say lhat numerous experiments— 
some specifically designed to meet the 
objections of Wenner and Wells—con¬ 
firm the existence of a dance language. 
“This matter was resolved long ago," 
says Charles D. Michener of the Univer¬ 
sity of Kansas. “ I know of no one in the 
field who feels otherwise," 

Yet the two mavericks, after more 
than a decade of relative silence, have 
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renewed their attack in a book: Anato¬ 
my of a Controversy: The Question of 
a “Language n Among Bees, published 
by Columbia University' Press. Wenner 
and Wells present no new experimental 
evidence against the dance language, 
which was discovered by the Austrian 
biologist Kar! von Frisch in the 1940s. 
Instead they review the history' of their 
challenge, attempting to show Lhat it 
has been rejected for social and politi¬ 
cal reasons rather than scientific ones. 

Unfortunately for Wenner and Wells, 
while they were writing their book, 
others were doing more research on 
honeybees. A group in Europe recently 
achieved a long-sought goal: building a 
robotic bee whose dances could direct 


real bees to specific sites [see “Science 
and the Citizen,” June, 1989]. Wenner 
and Wells only had time to address the 
robot-bee experiments in an addendum 
to their book: as they have in the past, 
they accuse the experimenters of ignor¬ 
ing the wind and other factors. 

Yet Wolfgang 11. Kirchner of the Uni¬ 
versity' of Wurzburg, one of the robot- 
bee workers, says the group recently 
did experiments in response to Wen- 
tier's complaints. The robot bee direct¬ 
ed recruits to sites 180 degrees apart 
on two successive days, during which 
the wind was blowing in the same di¬ 
rection. “We got the same numbers on 
each day, 1 ' Kirchner says, 

Wenner is unimpressed. “I would 


have to see the design of the experi¬ 
ment," he says. Then he declares Lhat 
no matter how many experiments are 
done supposedly verifying the exis¬ 
tence of the dance language, he will not 
accept them, because " there is just too 
much negative evidence,” 

Wenner predicts that his and Wells's 
book will revive the dance-language de¬ 
bate and turn it into “the greatest sci¬ 
entific controversy of the 20th centu¬ 
ry ” “That would be wonderful," says 
James L. Gould of Princeton University, 
whose experiments on the dance lan¬ 
guage are a favorite target of Wenner 
and Wells. “Think of all the papers and 
books we could get published. But l 
doubt it will happen." —John Morgan 


Liquid Sky 

The cosmos in a 
little liquid crystal 


B ernard Yurke has bettered Wil¬ 
liam Blake. The 18th-century En¬ 
glish poet and mystic could only 
see the world in a grain of sand. Yurke, 
a physicist at AT&T Bell Laborato¬ 
ries, discerns the entire universe in a 
drop of liquid crystal. Yurke is using 
the liquid crystal, which ordinarily 
serves as a display medium in electron¬ 
ic watches and calculators, to simulate 
cosmic “defects" that may have served 
as the seeds of galaxies. 

Liquid crystals consist of large, rod- 
shaped organic molecules. The mole¬ 
cules are ordinarily randomly oriented, 
like those in a liquid, but when pres¬ 
sure is applied they undergo a phase 
transition: they line up in the same di¬ 
rection, parallel with one another, just 
as water molecules do when they 
freeze into crystals of ice. 

Equations describing this phase tran¬ 


sition, Yurke notes, are remarkably 
similar to equations modeling phase 
transitions in the early universe. Some 
cosmologists have suggested that such 
phase transitions might have left the 
cosmos with massive defects, akin to 
the crystalline defects lacing the ice of 
a frozen pond. 

Various cosmological defects have 
been proposed, including cosmic 
strings, which can span the length of 
the universe; magnetic monopoles, 
which are spherical or pointlike; and 
textures, which are sometimes de¬ 
scribed as knots in space. These phe¬ 
nomena, according to theorists, would 
be so massive that they would attract 
enough matter to form galaxies and 
even clusters of galaxies. 

None of these ob jects have been ob¬ 
served in outer space, but in 1985 Woj- 
cieeh H, Zurck of Los Alamos Nation¬ 
al laboratory proposed that cosmic 
strings might be simulated in liquid he¬ 
lium. No one immediately followed up 
Zurek’s suggestion, because liquid he¬ 
lium requires expensive refrigeration 


equipment and is difficult to handle. 

Recently Yurke, whose primary focus 
is optics but who has always been in¬ 
terested in cosmology’, realized that liq¬ 
uid crystal might also make a cosmic 
simulator. In June, Yurke built an appa¬ 
ratus consisting of a ceil of liquid crys¬ 
tal smaller than a BB, a lever for apply¬ 
ing pressure, a microscope and a vid¬ 
eo camera. Videotapes of the liquid un¬ 
dergoing a phase transition show it 
crisscrossed with lines, from which 
molecules radiate like fur on a mon¬ 
key's tail; these lines correspond to 
cosmic strings. Some fatter lines ap¬ 
pear to pinch down to a point; these 
resemble magnetic monopoles. 

The analogy between the liquid cry s¬ 
tal and the cosmos is not perfect, ac¬ 
cording to Neil G. Turok, a eosmologist 
at Princeton University, who has been 
collaborating with Yurke. The liquid 
crystal cannot simulate the expansion 
of the universe, Turok notes, and its 
defects are damped by friction: they 
do not lash back and forth at nearly 
the speed of Light as some theorists 
think cosmic strings may do in the vac¬ 
uum of space. Yet Turok says Yurke’s 
experiment could help cosmologists by 
representing strings, monopoles and 
textures as something more than math¬ 
ematical entities. 

Indeed, the experiment, although still 
in its preliminary stage, has already 
yielded some surprises. Turok thought 
monopoles would look like spheres 
rather than pinched-oft strings. And al¬ 
though he expected textures to appear 
in the liquid crystal as objects shaped 
like inner tubes, they were not initial¬ 
ly apparent. Subsequent observations 
suggest that textures may quickly de¬ 
generate into pairs of monopoles, H We 
realize we do not under stand things as 
well as we thought we did," Yurke 
adds. Perhaps reading a bit of Blake 
might help. —]- H. 



"COSMIC STRINGS ' 1 appear in a cell of liquid crystal some three millimeters wide 
at AT&T Bell Laboratories. Photo: Bernard Yurke and Isaac I, Schuang. 
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Recovery Drill 

An old volcano teaches 
ecologists some new tricks 


T en years ago last spring Mount 
St. Helens exploded, devastating 
200 square miles of forest in the 
Pacific Northwest. The eruption blew 
down trees IS miles away and sent 
avalanches of rock and mud coursing 
through river valleys. Close to the vol¬ 
cano, the destruction was absolute: a 
cloud of pumice and gas at a tempera¬ 
ture of more than 600 degrees Celsius 
swept down the north slopes, inchier^ 
ating every thing in its path and creat¬ 
ing a sterile “pumice plain." Today tens 
of thousands of downed trees carpet 
hillsides around the shattered volcano, 
recalling the blast's destructive power. 

As the blighted landscape recovers, 
however, researchers are charting evo¬ 
lutionary' and ecological processes that, 
they say, challenge conventional ideas 
about how ecosystems respond to dis¬ 
turbance. Some of the most intriguing 
observations arise from a hot stream 
created by the eruption. The stream, 
which emerges near the dome in the 
center of the crater, has a temperature 
of 80 degrees C at its main source; oth¬ 
er outlets reach the local boiling point 
of 94 degrees C. Yet the steaming brook 
already harbors new life. 

Mats of filamentous blue-green algae 
line much of the main stream, known 
as the Loowit. The algae thrive in tem¬ 
peratures of up to 59 degrees C, notes 
Gifford N. Dahm, a freshwater ecolo¬ 
gist at the University of New Mexico. 
The same species of algae is found at 
Yellowstone National Park in Wyoming, 
where it grows at 72 degrees C. 

At least tw r o types of an ancient 
group of single-celled organisms, called 
Archaebacteria, are also growing in the 
Loowit. One, a sulfur-eating organism 
named Ihermoproteus, survives in tem¬ 
peratures of up to 96 degrees C. An¬ 
other, which seems to digest meth¬ 
ane, now thrives at greater than 60 
degrees C. Yet, when it was first sam¬ 
pled in 1982, the me thane-digesting 
microbe could not withstand any tem¬ 
perature greater than 50 degrees C. 
The organism seems to be adapting 
rapidly to a new environment. 

The main question puzzling Dahm 
and others is, How did the hot-water 
bacteria get to Mount St. Helens so 
quickly? In June, 1981, little more than 
a year after the main eruption, Thermo- 
proteus, together with another bacteri¬ 
um that produces methane, was found 
in a steaming fumarole whose gases 
reached temperatures of more than 


100 degrees C. Dahm cannot imagine 
bacteria drifting all the way from Yel¬ 
lowstone. Could they have been under¬ 
ground ever since Mount St. Helens last 
erupted, in 1800? Dahm says, “That's 
a hypothesis worth testing." 

Many organisms also survived just a 
few miles away from the pumice plain, 
in spite of the scorched vegetation and 
the ash covering some areas to a depth 
of a foot or more. According to Fred J. 
Swanson, a Forest Service ecologist, 
survivors have been neglected in many 
descriptions of ecological recovery be¬ 
cause of a misdirected emphasis. Clas¬ 
sic studies focused on fields once used 
for farming. These fields support fauna 
and flora unlike those in natural land¬ 
scapes, and so, according to the tradi¬ 
tional view, during recovery species 
typical of the natural landscape must 
migrate in from outside, making for 
slow regeneration. 

At Mount St. Helens, however, many 
small animats and plants were protect¬ 
ed by water or by pockets of snow. 
Animals dormant in dens or other shel¬ 
tered areas at the time of the erup¬ 
tion also seem to have had an advan¬ 
tage. “The survivors were species that 
were keeping a low profile below* the 
ground," Swanson says. “High-profile 
organisms, such as elk and Douglas fir, 
took it hard." 

Chance also plays a large role in re¬ 
covery after a major disturbance, says 
James A. MacMahon, an animal ecolo¬ 
gist at Utah State University, Survivors 
have spread from havens throughout 
the blast zone, and so the landscape 
has been recolonized faster than most 
ecologists would have guessed. Al¬ 
though they cannot wander far from 


water, salamanders and Pacific tree 
frogs, for example, are now found 
throughout much of the blast zone. 

Swanson points out that areas dear- 
felled before the eruption now r support 
more plants than forested areas. The 
reason, he says, is that hardy weeds 
such as fireweed and pearly everlast¬ 
ing, which thrive in exposed condi¬ 
tions, were already established in the 
dear-felled areas. 

In some places, species survived only 
to die later on. Ash-dogged streams of¬ 
ten shifted during the years after the 
eruption, for example, choking seeds 
that had survived the disaster and were 
starting to sprout. The result was “ter¬ 
ribly dramatic differences" between 
adjacent areas, according to Arthur Mc¬ 
Kee, a Forest Service ecologist who 
studies streams. 

Biologists have been impressed by 
bow even the remains of dead organ¬ 
isms can spur recovery. MacMahon has 
found that the leaves of a species of 
lupine decompose to woody skeletons 
that serve as drift nets for organic ma¬ 
terials and seeds, including those of 
lupines. Likewise, downed trees have 
stabilized soil that might otherwise 
have been blown or w ashed away. The 
pumice plain, where there were no sur¬ 
vivors, still supports fewer living things 
than other places. 

Because Mount St, Helens is a unique 
ecological experiment, workers hope to 
establish long-term monitoring facili¬ 
ties at the mountain to track the recov¬ 
ery. They are seeking a $900,000 ap¬ 
propriation for the Forest Service to do 
so. In late September, however, the pro¬ 
posal was being held hostage to budget 
negotiations. —Tim Beardsley 



FIREWEED AND PEARLY EVERLASTING spring up beside shattered free trunks 
at Spirit Lake, dose fo Mount St. Helens . Photo ; Tim Beardsleys 
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OVERVIEW: DEAD SEA SCROLLS 

Will their editors perish before publishing? 


T he custodians of the major por¬ 
tion of the Dead Sea Scrolls seem 
to be out to turn the rules of aca¬ 
demic survival upside down. These doc¬ 
uments from the first century a.d>, 
most of them discovered in the late 
1940s and early 1950s at the caves of 
Qumran and other sites In the Judean 
Desert, constitute the greatest windfall 
in the history of Biblical archaeology. 
Yet the editors entrusted with the larg¬ 
est collection of these documents—at 
the private Rockefeller Museum in East 
Jerusalem—have not published even 
half of the trove in their 30 to 40 years 
of stewardship. 

Many scholars say that the delay in 
bringing the scrolls to light has become 
the philological scandal of the century. 
These critics assert that the scrolls have 
been withheld long enough for many 
historians, theologians and philologists 
to have qualified in their holds and per¬ 
formed most of their work without hav¬ 
ing had access to crucial data. 

The scrolls are important because 
they include by far the oldest manu¬ 
scripts of books from the Old Testa¬ 
ment and virtually the only texts that 
reflect the thinking of Jew's during 
ibe period when Rabbinic Judaism and 
early Christianity were forming. "I am 
publishing a history 7 of the Jewish lit¬ 
erature of the period, and not know¬ 
ing what is there makes this standard 
work incomplete,” complains Geza Ver¬ 
mes of the University of Oxford. 11 Ev¬ 
ery scholar in the held and in neighbor¬ 


ing ones can cite you such an example.” 

Shortly after their discovery, most 
of the scrolls w ? ere purchased for the 
Palestine Archaeology Museum, lat¬ 
er renamed the Rockefeller, and put 
under the control of seven scholars 
named by the museum and associated 
Western archaeological societies. Jor¬ 
dan, which had annexed Jerusalem and 
the West Bank after the 1948 Arab-Is- 
rael War, approved the editorial board 
on condition that it exclude Jews—a 
rule the editors say they circumvented 
occasionally. 

Early on, the enterprise produced a 
burst of publications. But by the early 
1960s, it had entered the doldrums. 
Still, when Israel took control of East 
Jerusalem in the 1967 Arab-Israel War, 
it decided not to interfere with the 
original team or its first general editor, 
a Dominican priest named Pere Roland 
de Vaux, on condition that he accept 
several Jewish scholars into his project. 

Today the group is “built on a totally 
patriarchal foundationVermes says. 
The effort is now headed by John Strug- 
nell of the Harvard Divinity School, 
who joined the project in 1953 at the 
age of 24, became its acting head in the 
early 1980s and officially became its 
third general editor in 1988. /Mid as 
gatekeeper, Strugneil refuses to pub¬ 
lish what he considers to be prelimi¬ 
nary research. “It’s the editors 1 work," 
he says, "and until it’s published, they 
haven’t finished filling in the gaps/’ 

Strugneil proudly notes that his ad¬ 


ministration has increased the number 
of people who have some access to 
the sen) 11 s to a total of 65. Now, how¬ 
ever, the incensed scholars outside that 
hand-picked circle are waging an in¬ 
creasingly determined battle to force 
the group to publish. They have pub¬ 
licly attributed the delays in publica¬ 
tion to editorial incompetence, sloth, 
empire building and unwillingness to 
admit defeat. “ it has gone on for too 
long,” Vermes says. "To give it up 
would be an open admission that they 
failed and that they misbehaved for a 
long time." 

Even StrugnelTs academic credentials 
have not escaped criticism. His foes 
contend that he is unsuited for the job 
because his Oxford training concentrat¬ 
ed more on Greek than Hebrew and 
more on Biblical Hebrew than the much 
later idiom in which the non-Biblical 
scrolls arc written. Moreover, he re¬ 
ceived his editorial assignment when 
he was, by his own admission, a virtual 
unknown just beginning his career. 

One of StrugnelTs most determined 
opponents is Hershei Shanks, editor 
of Biblical Archaeology Review, a popu¬ 
lar monthly. He has conducted a four- 
year campaign to compel Strugneil and 
his colleagues to publish. "Strugneil is 
a brilliant man, but he has his deficien¬ 
cies," Shanks says. "He never wrote a 
Ph.D. dissertation, hasn’t got a doctor¬ 
ate and never wrote a book. He has 
published by himself extraordinarily 
little on the Dead Sea Scrolls entrusted 
to him. His major contribution was a 
lengthy article m which he corrects er¬ 
rors in another publication." 

This spring Shanks published criti¬ 
cisms of the editorial monopoly made 
by 16 major scholars, whom Strugneil 
recently dismissed, in a television in¬ 
terview 7 , as annoying “fleas.” A lawyer 
by training who claims no philologi¬ 
cal expertise, Shanks has marshaled 
the discontent of hundreds of research¬ 
ers. This has apparently exerted pres¬ 
sure on Strugneil indirectly by em¬ 
barrassing the Israel Department of 
Antiquities, which claims ultimate au¬ 
thority over the editors. (So does the 
government of Jordan, with which the 
editors maintain dose contacts.) 

For the first time, Strugneil has set 
explicit deadlines for publication of the 
documents, even though the deadlines 
w 7 ere missed last year and some will be 
missed again this year. Strugneil ad¬ 
mits that his predecessors allowed the 
editors to "sit on their work" but in¬ 
sists things have changed since he took 
charge. “Now everyone we’re bringing 
in signs an agreement to adhere to a 
schedule," he says. Of course, he adds, 
it was only fair to write a grandfath- 



OLDEST COPY OF ISAIAH is displayed in Jerusalem at the Shrine of the Book, 
repository of Israel's comparatively small share of the Dead Sea Scrolls . 


16 Scientific American November 1990 




er clause to keep the old rules for the 
old workers—himself and three others. 

Strugndl dismisses critics' com¬ 
plaints that their work has suffered 
because they were denied access to 
unpublished materials. He says that 
any “competent" scholar can see docu¬ 
ments relevant to his work merely by 
asking the editor in charge of them. 
The applicant can appeal an editor’s re¬ 
fusal to Strugnell, who says he would 
overrule it if the applicant can demon¬ 
strate that he has done serious work. 
*Td say we get 10 requests a year, five 
serious and five not,’ 1 he says. 

What about Vermes? “Geza is in¬ 
competent Strugnell says instantly. A 
full professor at Oxford t in competent? 
He pauses. “He is competent in other 
things," he says, "but doesn't have the 
necessary technical skills. I respect him 
for his other skills and if he came here 
1 would consider his request.” Vermes, 
for his part, says he gave up 
Hying years ago, after he and 
scores of his colleagues had 
applied for access without get¬ 
ting any response at all. 

Against the charges of sloth, 

Strugnell cites the competing 
academic responsibilities of 
the editors, most of whom can 
work on the scrolls only dur¬ 
ing summers and sabbaticals. 

Strugnell says the idea of pay¬ 
ing for a full-time staff was 
never entertained. “Remember 
that the previous two editors 
were monks and didn't think 
in terms of raising money," he 
says. "Now I have just what 1 
need; also we don't like to be 
in debt to outsiders," 

Frank M. Cross of Harvard, 
a surviving member of the original edi¬ 
torial board, attributes the reluctance 
to publish to “a perfectionist streak" 
among many of his colleagues but 
opposes the idea of reassigning their 
material to Taster workers. "Normally 
when you assign these things to a 
scholar it is assumed that he has a life¬ 
time to complete his work," he says. 

Some argue that the editors 1 mo¬ 
nopoly encourages them to delay their 
work in the hope that it may be made 
impregnable to criticism. "There is the 
scholarly desire to say the last word on 
The texts," says Joseph A. Fitzmyer of 
Catholic University. “Yet we know that 
no one who pioneers in the publication 
of an ancient text ever says the last 
word on it," 

Fitzmyer, a Jesuit, temporarily as¬ 
sisted the editors by helping produce 
a concordance of the scrolls—a card 
index citing the locations of each word 
that appears. The concordance was 


completed in 1960 and has stiU not 
been published, although several cop¬ 
ies have leaked out and the Harvard Di¬ 
vinity School now makes one available 
to researchers. Shanks says the editors 
suppressed the concordance in order 
to protect their monopoly. “They kept 
that concordance secret for years," he 
says, "and they'll tell you the reason 
for the secrecy was that somebody 
might have used the concordance to 
put together an unpublished scroll." 

No one denies that the redaction of 
the thousands of fragmentary parch¬ 
ment manuscripts is an arduous under¬ 
taking—in Cross's words “the world's 
greatest jigsaw puzzle." One scroll, for 
example, was made of copper and had 
to be cut into many sections before it 
could be painstakingly unraveled. Oth¬ 
er scrolls had to be put together from 
bits of parchment that often covered 
just a few square centimeters. 


Cross notes that the group's 1,200- 
odd plates—each a photograph of re¬ 
constructed material pressed between 
sheets of glass—took 10 years to as¬ 
semble. That work ended around I960, 
but he maintains individual fragments 
are still being placed. Besides, he says, 
most of the easier materials have al¬ 
ready been released. The job of trans¬ 
literating, translating and interpreting 
the rest has, he claims, been intrin¬ 
sically more time-consuming. “Now’ 
you're going to get plates in which you 
have hundreds of numbered fragments 
with lots of space,” he says. "Lots of 
lace will be published." 

Most work proceeds on the plates 
rather than the original documents, 
which are preserved from the elements 
and from bombs during Middle East 
wars, Israel, for its part, lias provid¬ 
ed bomb-proof shelters for the much 
smaller collection it houses in the 
Shrine of the Book in Jerusalem. Strug¬ 


nell lias assured that facsimiles of fils 
documents w ? Ul survive any but the 
most apocalyptic fate by secreting pho¬ 
tographic versions in eight institutions 
around the world, in eluding two in 
the U.S. Of course, the collections are 
closed to outsiders. 

Norman Golb of the University of 
Chicago goes furthest of all the critics 
in attributing some of the editors' de¬ 
lay to professional bias. He contends 
Strugnell and his co-workers are reluc¬ 
tant to release documents until they 
can reconcile them to the accepted the¬ 
ory: that the scrolls were the work of a 
monastic sect inspired by the Essenes, 
one of three main religious factions 
among first-century Jews. Golb cham¬ 
pions the alternative theory' that the 
scrolls are an unselected library of di¬ 
verse religious opinions, not a sectari¬ 
an archive, and that they were removed 
from Jerusalem for safekeeping in des¬ 
ert caves just before the Ro¬ 
man siege that reduced the 
city to rubble in a. d. 70. 

Golb says Strugnell him¬ 
self hits acknowledged that at 
least one unpublished man¬ 
uscript disagreed with what 
had been held to be the mo¬ 
nastic sect's heterodox opin¬ 
ions, But Golb says Strugndl 
has tried to fit the manu¬ 
script into the old theory' by 
portraying it as a letter from 
the founder or an early lead¬ 
er of the putative sect—a let¬ 
ter so old that the opinions it 
expresses on Jewish law r and 
other matters had time to 
evolve into those identified 
with the sect. 

in what might seem like a 
heartening development, Strugnell says 
he and his collaborator, Elisha Qimron 
of Ren-Gurion University in Beershcva, 
will publish a 600-page commentary 
on the crucial letter (which is only 112 
lines long) next year. It will be the first 
book SirugnelJ has published on any 
aspect of wiial he calls his life's work. 

Even then, the Dead Sea Scrolls mon¬ 
opoly may continue, if Strugnell is able 
to acquire more materials kept by an¬ 
tiquarians as a long-term investment. 
“I'm In negotiation with a Kuw'aiti for 
a nearly complete scroll," Strugnell 
says," With the war in Kuwait, he may 
need some ready money." 

Nevertheless, Strugnell now promis¬ 
es that all the documents in his group's 
control will be given to the printer 
within seven years. "They may be ac¬ 
tually published in 10 years. You know 
how scientific publishing goes: you put 
out a quick thing to keep the public 
happy. B — Philip E . Ross 



JOHN STRUGNELL of Harvard heads the project that con¬ 
trols most of the documents found in the Judean Deserf. 
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Science, Technology 
and the Western Miracle 

Close links between the growth of scientific knowledge 
and the rise of technology have permitted the market economies 
of the Western nations to achieve unprecedented prosperity 


by Nathan Rosenberg and L. E. Birdzell, Jr, 


E conomic inequality between na- 
lions is to a considerable degree 
an invention of the past two and 
a half centuries, in the mid-1700s the 
average inhabitant of western Europe 
had a material welfare not too different 
from that of someone in China or, for 
that matter, in ancient Greece or Rome. 
Only a mino rity of the population en¬ 
joyed an income appreciably in excess 
of the minimum required to sustain 
life, and the elites of one nation had Ut¬ 
ile reason to envy those of another. 

By about 1800, however, it became 
apparent that the minority in Europe 
with incomes above the subsistence 
level was growing, at least in part be¬ 
cause European science and technology 
were progressing faster than science 
and technology elsewhere. The increase 
in the number of factories and in the 
use of mechanically powered machin¬ 
ery came to be called the Industrial 
Revolution, The process of growth and 
change accelerated during the 19th 
century and has continued through the 
20 th. Historians sometimes call this 
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subject of the Western miracle in How 
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an attorney and legal scholar in Rhode 
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unique period of long-term economic 
growth, which has made the West con¬ 
spicuously richer and more powerful 
than the rest of the world, “the West¬ 
ern miracle, 1 * 

To describe this phenomenon simply 
as long-term economic growth fails to 
convey its tme dimensions. Between 
the mid- 1700s and the present, per 
capita income Increased tenfold. The 
population of Europe grew fivefold and 
that of the 11. S. 80-fold. Infant mor¬ 
tality' declined drastically, and the av¬ 
erage fife span doubled. Famine was 
banished, and plagues disappeared. 
Food production, which in some coun¬ 
tries had occupied as much as 90 per¬ 
cent of the working population, even¬ 
tually came to occupy less than 5 per¬ 
cent. Nineteenth-century urbanization 
marched in step with developing tech¬ 
nologies for improved sanitation, con¬ 
struction, communication, power dis¬ 
tribution and other services. Urbaniza¬ 
tion and rising incomes led to changes 
in health and living standards, work 
patterns, values and other aspects of 
personal, family and community life. 

One might suppose that economic 
historians would have long since set¬ 
tled on the reasons for the Western 
miracle, but the phenomenon has not 
received the scrutiny it deserves. Con¬ 
sequently, when the less developed 
countries of the Third World turned to 
the West 40 years ago for help in rais¬ 
ing their per capita incomes, much of 
the advice they received reflected an in¬ 


adequate understanding of how the 
West had achieved its affluence. Very 
recently, the apparent determination of 
the Soviet Union and the Eastern Euro¬ 
pean countries to dose the large gaps 
between their income levels and those 
of the West has given fresh urgency to 
the question: What are the sources of 
Western growth thai have eluded the 
less developed and socialist countries? 

A variety of popular explanations 
for the Western miracle have 
Lbeen proposed. Some attribute 
it to imperialism, even though many of 
the most economically successful coun¬ 
tries grew prosperous before resorting 
to imperialism and such highly affluent 
countries as Norway and Switzerland 
never adopted imperialist policies at 
all. Conversely, several of the most for¬ 
midable imperialist powers, such as 
Spain and Portugal, rapidly deteriorat¬ 
ed into economic stagnation. 

Other theories link wealth to the pos¬ 
session of natural resources. 'Iiiose re¬ 
sources do not become economic as¬ 
sets, however, until i he knowledge and 
means of using them become available. 
The pre-Columbian peoples of North 
America had about the same resources 
as the present inhabitants do. Japan, 
which has far fewer natural resources 
lhan Indonesia, Mexico or the Soviet 
Union, has been far more successful in 
achieving growth. The modem histo- 
ries of the city-states of Hong Kong and 
Singapore—not to mention that of Ven- 
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ice, which had only a swamp for its 
natural resources—belie the natural re¬ 
sources explanation. 

These hypotheses have had an unfor¬ 
tunate effect on government policies In 
the developing countries. By focusing 
on factors of questionable relevance, 
they have distracted attention from 
institutional changes that might have 
provided avenues to growth, especially 
ones that might have given access to 
su perior i echnol ogies. 

Western technology developed pri¬ 
marily within the economic sphere, and 
it has often been regarded as merely 
an outgrowth of economic needs and 
institutions. Science, in contrast, had 
more complicated origins and could 
hardly be dismissed as an automatic 
response to economic conditions. For a 
long time, science contributed lit tie to 
economic growth and industrial tech¬ 
nology. When Karl Marx was writing in 
the mid-19th century, the “colossal 
productive forces” he saw at work had 


been created primarily by people work¬ 
ing in industry', with little contribution 
from people whom we would call sci¬ 
entists today. The mechanical skill and 
ingenuity that produced the precision 
machinery and instruments of 18th- 
and 19th-century factories and labora¬ 
tories came more from the crafts of 
dock making and lens grinding than 
from science. 

Since about 1880, however, industri¬ 
al technology has come to owe a more 
substantial debt to scientific sources 
outside industry. With the success of 
efforts to fit natural phenomena to the¬ 
oretical structures inaccessible without 
special training, industrial engineers 
with that training have become trans¬ 
mitters and users of scientific knowl¬ 
edge and methods. More than that, dur¬ 
ing the past century' industry has cre¬ 
ated research laboratories capable of 
extending the theoretical structures of 
science. A1 though Western science orig¬ 
inated as an institution outside the eco¬ 


nomic sphere, during the 20th centu¬ 
ry its advance has become inseparable 
from that of industrial technology and 
Western economies. 

T o explain the Western econom¬ 
ic miracle and its relation to 
science, we must first consider 
some of the reasons for the great suc¬ 
cess of Western science—an achieve¬ 
ment with its own claims to the title 
“miracle." One reason is that Western 
science has made a better organized at¬ 
tack on the secrets of nature and used 
greater resources in the assault than 
science in other cultures. 

For a long time after the printing 
press was introduced in the late 15th 
century, scientific research remained 
chiefly a decentralized—or even indi¬ 
vidualized—activity, in which isolat¬ 
ed scientists occasionally communicat¬ 
ed their discoveries to one another in 
print or in longhand, Early Western sci¬ 
ence was clearly not a localized phe- 



50110 MANUFACTORY near Birmingham, England, produced 
parts for steam engines in the 18lh century. The partners 
in the enterprise, James Watl (the father of efficient steam 
engines) and Matthew Boulton, were members of the Lunar 


Society of Birmingham, a group of businessmen, inventors 
and scientists. Throughout the Western world, similar asso¬ 
ciations between scientists and entrepreneurs fostered sci¬ 
entific, technological and economic progress simultaneously. 
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Prince Henry the Navigator of Portu¬ 
gal, it came into common practice only 
in the early 19 th century. In London 
Sir Joseph Banks, Count Rumford and 
some other fellows of the Royal Society 
formed the Royal Institution in 1799 to 
serve as a laboratory where scientists 
could work together and teach. Michael 
Faraday, working a century after New¬ 
ton, found a full career at the Royal In¬ 
stitution, where he discovered electro¬ 
magnetic induction. 

Similar institutions sprang up else¬ 
where. In 1795 the French established 
the £coIe Polytechnique, In the U.S„ 
Yale University established the Shef¬ 
field scientific school in 1847, and the 
Massachusetts Institute of Technolo¬ 
gy opened in 1865, Science thus grad¬ 
ually developed its own research and 
teaching institutions, and successful 
researchers could be rewarded with 
staff appointments and promotions. 

By the early 19th century, Western 
science had divided into specialized 
departments: mathematics, astronomy, 
physics, chemistry, geology , botany, zo¬ 
ology and the medical studies of anat¬ 
omy and physiology. Some of them, 
such as physics, were divided into still 
finer specialties. 

Western science had become an insti¬ 
tution with a broad general goal (to ex¬ 
plain natural phenomena), a division 
of labor into specialized departments 
with their own subsidiary goals, an in¬ 
formation network that kept its mem¬ 
bers informed of progress, a peer re¬ 
view system for evaluating new work 
and settling conflicts, formal centers 
for teaching and research, and a set 
of rewards for work rated favorably by 
the profession. 

A fundamental factor holding the en¬ 
terprise together was its adoption of 
a single standard of scientific truth 
based on observation, reason, experi¬ 
ment and replicability. The standard 
enabled scientists to make use of find¬ 
ings from other laboratories, even from 
those in other disciplines. It also per¬ 
mitted artisans, merchants, manufac¬ 
turers and the rest of the working pop¬ 
ulation to apply scientific discoveries 
to everyday labors. 

Its organization and scope are, of 
course, not the only reasons Western 
science flourished. It also fell heir to the 
vast intellectual estate of earlier civili¬ 
zations: a phonetic alphabet, an Arabic 
(or possibly Indian) counting system 
that included zero as a number, mathe¬ 
matics that included geometry and al¬ 
gebra, and religions that freed nature 
of animism. But the West was no idle 
heir, for by the beginning of the 18th 
century it had added some intellectual 
monuments of its own. 


nomenon: its venues ranged from the 
Poland of Copernicus to the Denmark 
of Tycho Brahe to the northern Italy of 
Galileo to the Bohemia of Kepler to the 
France of Descartes and Lavoisier to 
the England of Boyle and Newton. 

The early achievements of Western 
science centered on astronomy. The 
development of a significant scientif¬ 
ic community in Europe with interests 
beyond astronomy dates from the 17th 
century. In 1660 the Royal Society of 
London for Improving Natural Knowl¬ 
edge (almost always called simply 
the Royal Society) was formed to dis¬ 
cuss reports from the many individuals 
who were by then conducting scientific 
investigations. Many other such societ¬ 
ies formed in the 17th and 18th cen¬ 
turies, setting up a network of scien¬ 
tists in Europe who exchanged informa¬ 
tion not only with one another but also 
with a distant American named Ben¬ 
jamin Franklin, whose experiments had 
shown that lightning was electricity. 


These societies, and the journals 
they published, both disseminated new 
research and screened it for admission 
to the scientific canon. Their discus¬ 
sions set an agenda for the time and 
served as a pointer to new research 
that might bring recognition and ac¬ 
claim from other scientists. What they 
did not offer was a means of earning 
a living. In 1695, for example, Isaac 
Newton faced limited academic ad¬ 
vancement at Cambridge because he 
had not taken holy orders. To reward 
him for his scientific contributions 
with a livelihood, the British govern¬ 
ment had to name Newton to a post 
outside the scientific community, as 
warden of the Mint. 

A lthough the idea of bringing sci¬ 
entists together for directed re- 
L search in an institute equipped 
with laboratory instruments and a suit¬ 
able library was tried successfully in 
the first half of the 15th century by 


ILLUSTRIOUS SCIENTISTS throughout Europe contributed to the growth of bask 
knowledge that spurred technological and economic progress. Among them were 
(clockwise from upper left ) Nicolaus Copernicus of Poland, Johannes Kepler of 
Bohemia, Galileo Galilei of northern Italy and Sir Isaac Newton of Great Britain. 
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VENETIAN SENATORS peer ai the moons of Jupiter through a the 17 th century, Europe began to have a sizable scientific 
telescope under the direction of Galileo. Astronomy was one community interested in physics, medical science and other 
of the first interests of Western science, but before the end of fields. Science slowly became a less individualized endeavor. 


Calculus, for example, was clearly 
a landmark contribution. Another, and 
perhaps the most fundamental, West¬ 
ern contribution was the development 
of the scientific method, which from 
the time of Galileo included a refined 
form of systematic experimentation. 
Hellenistic, Islamic and Chinese scien¬ 
tists and inventors understood the use 
of experiments foT testing and confirm¬ 
ing ideas, but they do not seem to have 
achieved anything like Galileo's inclined 
plane experiments, in which conditions 
were systematically varied as a way of 
exploring how nature works. Nor did 
they anticipate Newton's thought exper¬ 
iments, in which idealized phenomena 
(for example, motion in a vacuum) are 
used to explain real phenomena. 

Without systematic experimentation, 
progress can be slow and fitful in sci¬ 
ence and in technology. Improvements 
in the design of the plow, for example, 
were inventions of great significance 
in predominantly agricultural societies, 
but they took place hundreds of years 
apart. Before the age of science, no one 
seems to have tried to improve plow 
designs by comparing the effectiveness 
of different blade designs in various 


soils. Concrete was known to the an¬ 
cient Romans, but it was little used as a 
building material until late in the 19th 
century, when chemists experimentally 
investigated its suitability for structur¬ 
al applications by systematically vary¬ 
ing the mix of its ingredients. Within a 
few decades, concrete, including rein¬ 
forced concrete, became the most wide¬ 
ly used (by weight) of Western building 
materials. 

Perhaps the most important point 
about Western science and technol¬ 
ogy is that they were linked at all. In 
other civilizations, economically useful 
technologies depended minimally, if at 
all, on the wisdom of astronomers (or 
astrologers), philosophers* mathemati¬ 
cians and other sages. These thinkers 
had little to offer to farmers, sailors, 
smiths and other artisans who had de¬ 
veloped their technologies within their 
craft traditions. In fact, the thinkers 
often confined themselves to an ab¬ 
stract world of ideas as an escape from 
the transient and imperfect, real world. 
For Western scientists, however, there 
was no escape. Their empirical meth¬ 
ods required them to engage the real 
world. It is precisely because the sci¬ 


entists were so engaged that they ac¬ 
complished so much. 

T hird World and Eastern European 
countries trail the West economi¬ 
cally, despite having access to the 
world's stock of scientific knowledge. 
Indeed, the Soviet Union has made sub¬ 
stantial contributions to that stock. 
What those countries seem to lack is 
the West's capacity to translate scien¬ 
tific knowledge into economic produc¬ 
tivity—a capacity that depends on the 
individual and institutional character¬ 
istics of a nation. In many ways, tech¬ 
nology, which is intermediate between 
scientific knowledge and economic ac¬ 
tivity, grows out of local needs and in¬ 
stitutions, and its economically success¬ 
ful transfer involves more than a teach¬ 
ing process. 

One dear requirement for economic 
growth is the ability to shape produc¬ 
tive technology to local needs. Whatev¬ 
er the origins of a technology , the peo¬ 
ple and institutions using it must he 
able to understand it, experiment with 
it and evaluate the economic repercus¬ 
sions of its use. 

japan, usually regarded as the first 
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non-Westem country to match the eco- 
nomic achievement of the West, offers 
an instructive example of institutions 
appropriately applying technologies. 
The first stages of Japanese moderni¬ 
zation, beginning in the late 1860s, em¬ 
phasized agricultural improvements. 
The technologies initially borrowed 
from North America were capital inten¬ 
sive and tended to maximize output 
per worker. The Japanese soon real¬ 
ized, however, that techniques suitable 
for the land-abundant U.S. were inap¬ 
propriate in an economy that had am¬ 
ple labor but was seriously short of 
arable land. They then shifted to other 
technologies, borrowed this time pri¬ 
marily from western Europe, that were 
more labor intensive and that maxi¬ 
mized the productivity of the scarcest 
Japanese resource—land. 

In manufacturing, too, Japan adapt¬ 
ed Western technology to its labor-rich, 
capital-poor economy. Japanese facto¬ 
ries often purchased secondhand rath¬ 
er than new machinery. Wherever pos¬ 
sible, they substituted labor for capital 
and used foreign technologies in more 


labor-intensive ways. Textile mills, for 
example, added extra work shifts and 
expended more labor on maintaining 
and repairing machinery to prolong its 
life. When the Japanese constructed a 
railway system, they used more than 
two and a half times as many workers 
per mile of track as the Americans did, 

P arallels between the development 
of industry' in Japan and in the 
US., where it began several dec¬ 
ades earlier, are often overlooked. Like 
Japan, the U.S. at first borrowed tech¬ 
nology, primarily from England, indus¬ 
trialization began in New England, New 
York, Pennsylvania and Delaware—re¬ 
gions where, as in Japan, literacy and 
formal education were already valued. 
The U.S. also had to adapt its borrowed 
technologies to the country's special 
circumstances, as Japan did. 

Because the U.S. had abundant natu¬ 
ral resources, however, its adaptations 
involved making the industrial tech¬ 
nologies more resource intensive and 
less labor intensive. Europeans visiting 
the U.S, in the mid-19th century often 


criticized Americans for wasting nat¬ 
ural resources. U.S. agricultural tech¬ 
niques did frequently lead to rapid de¬ 
clines in soil fertility, but more land 
was always available, so the losses were 
supportable. Americans invented wood¬ 
working machinery that appeared ex¬ 
tremely wasteful to the British. At the 
time, however, it made good economic 
sense in a country so richly endowed 
with forests. 

Late in the 19th century, private busi¬ 
ness firms in Germany and the U.S. 
founded industrial research laborato¬ 
ries for developing new products and 
production methods, in 1856 the En¬ 
glish chemist William Henry Perkin dis¬ 
covered aniline purple, the first of the 
industrially useful coal-tar derivative 
dyes, and the next year he established 
a factory for its production. This work 
marked the beginning of both a major 
branch of chemistry and a major chem¬ 
ical industry. Perkin went on to make 
further contributions, but no one indi¬ 
vidual could ring all the changes on the 
chemistry of coal-tar derivatives. That 
accomplishment required institutional 



ROYAL SOCIETY OF LONDON for Improving Natural Knowl- for advancing the coimimnication of scientific information, 
edge* founded in 1660* was one of the earliest associations Such societies evaluated discoveries and disseminated them. 
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invention. Only after German chemical 
manufacturers established several re¬ 
search laboratories for systematic, or¬ 
ganized investigations did an impor¬ 
tant industry arise around the coal-tar 
dyes between 1890 and 1914. 

The accomplishments of the German 
laboratories inspired the establishment 
of the General Electric Company's re¬ 
search laboratory in the U.S, When GE 
was formed in 1892, it relied at first on 
Charles Stcmmctz, a talented political 
refugee from Germany, as its resident 
inventor. In 1900, however, after the 
new German laboratories produced su¬ 
perior materials for electric-lamp fila¬ 
ments, GE engaged Willis R. Whitney, 
a professor of chemistry at the Mas¬ 
sachusetts Institute of Technology, to 
organize a formal laboratory- During 
the first half of the 20th century, the 
number of research laboratories affili¬ 
ated with private firms multiplied, cre¬ 
ating major new institutions that sig¬ 
nificantly contributed to the growth of 
basic scientific knowledge as well as to 
technology. 

T he best road to technological 
progress is often poorly marked. 
The great virtue of private busi¬ 
nesses in market economies is that 
they become independent sources of 
decision making for exploring the fron¬ 
tiers of technology. No single individ¬ 
ual or institution has the authority' to 
veto an exploratory undertaking unilat¬ 
erally. The importance of diffusing de¬ 
cision making is illustrated by the suc¬ 
cess of the personal computer, which is 
said to have been turned down by the 
principal U.S. computer manufactur¬ 
er. Similarly, the export of Japanese 
automobiles to the U.S. was initiated 
by a Japanese company against the ad¬ 
vice of the Japanese government. To 
be sure, the government was right, 
because the first cars exported were 
designed for Japanese use and per¬ 
formed poorly in the hands of early 
U.S. customers. The exporter nonethe¬ 
less learned what was required for the 
U.S. market and took the necessary' 
corrective action. It was soon followed 
profitably by other companies. 

Given the scientific, technological and 
commercial uncertainties of innovation, 
an efficient economy has to strike a bal¬ 
ance between undertaking only the saf¬ 
est of projects and pursuing every idea 
that comes along, too often persisting 
long after realistic hope of success has 
vanished. With their rewards and pen¬ 
alties, market economies have so far 
been most successful in striking the re¬ 
quired balance and transforming scien¬ 
tific and technological knowledge into 
useful goods and services. 


Nevertheless, The economies' open- 
ended diffusion of authority' to start 
innovative projects would be unwork¬ 
able if decision makers 1 hopes of high 
rewards were not tempered by their ex¬ 
posure to the risk of severe losses. Pub¬ 
lic attention commonly goes to the oc¬ 
casionally sensational rewards of inno¬ 
vation, but the prudent investor keeps 
in mind the institutional role of the 
bankruptcy courts in Western innova¬ 
tion: burying ihe failures. 

In the West, although innovative con¬ 
tributions often originate with long-es¬ 
tablished firms, many of the most im¬ 
portant inventions have been commer¬ 
cialized by new firms formed for that 
purpose or by completely redeployed 
old firms. The role of new firms in in¬ 
novation is important not only for its 
direct contribution but for its implicit 
threat to older firms, which might not 
otherwise feel impelled to take the 
risks of innovation. Yet freedom to or¬ 
ganize new firms is narrowly restricted 
in socialist countries and severely ham¬ 
pered in some less developed coun¬ 
tries, where permission from scores of 
government agencies may be required 
to launch a business enterprise. 

In addition to corporate research and 
development, Western countries have 
developed several other sources of eco¬ 
nomically useful knowledge during the 
20th century , especially in areas where 
markets have not provided adequate 
incentives. Government funding has 
become particularly important for re¬ 
search that has grown fearfully ex¬ 
pensive, as it has in particle physics. 
Governments also support research in 
such fields as public health, preventive 
medicine, the treatment of rare diseas¬ 
es and safety—fields in which the goals 
are universally desired but there is lit¬ 
tle prospect of reward for private firms. 
Government-sponsored research is con¬ 
ducted in both government and private 
laboratories. To an increasing extent 
since World War II, universities also 
have become centers of tax-supported 
research activities, technological as well 
as scientific. 

E conomic growth in the West has 
been marked by an increase in 
trade and in the sizes of markets. 
Part of the increase in trade was tied 
to technological improvements in ships 
and to the introduction of railroads— 
innovations that lowered the costs and 
risks of transportation. As trade in 
regional specialties became possible, 
manufacturers could reach markets 
large enough to justify investing in 
mass-production technologies. The in¬ 
troduction of refrigerated ships, for 
example, enabled a growing European 


population to trade its manufactured 
products for meat from Argentina, Aus¬ 
tralia and the U.S. More recently the in¬ 
creased size of international markets 
has made it economical for manufac¬ 
turers to furnish products in greater 
variety, more closely adapted to the 
local needs of particular countries or 
groups of customers. This trend can be 
observed in markets as diverse as auto¬ 
mobiles, clothing, processed foods and 
electronics. 

In recent years the importance of in¬ 
ternational trade has been highlighted 
by the differences between the growth 
performances of countries that have 
actively competed in international mar¬ 
kets and of countries that have adopt¬ 
ed policies of import substitution ( pro¬ 
tectionism) or closely regulated trade, 
as in the socialist countries. There is 
no consensus about why active par¬ 
ticipation in international trade seems 
so closely associated with economic 
growth. Possible explanations include 
some combination of scale economies, 
keener competitive incentives, econo¬ 
mies of specialization and abstention 
from counterproductive impositions on 
the part of governments of successful 
exporting countries. 

In Western manufacturing, a particu¬ 
larly interesting example of specializa¬ 
tion has been the rise of manufacturers 
who make only component parts and 
subassemblies, particularly for the au¬ 
tomobile, electric and electronics indus¬ 
tries. Brand name manufacturers often 
specialize in the design, the market¬ 
ing and sometimes the assembly of fin¬ 
ished products, with the component 
parts made by subcontractors. Techno¬ 
logical advances conceived by Ameri¬ 
can, German or Japanese engineers can 
therefore create employment through 
subcontracted manufacturing not only 
at home but also in Mexico, South Ko¬ 
rea, Taiwan, Singapore and elsewhere. 
Modern subcontracting networks are 
also international trading networks, 
with operations that depend critically 
on transportation, communication and 
data-processing facilities that were un¬ 
imaginable in 1800. 

Because trading networks in market 
economies do not have a central source 
of authority, their power for efficient¬ 
ly organizing activities went unnoticed 
until long after the Western miracle 
had begun. In its lack of central au¬ 
thority, the remarkably successful or¬ 
ganization of Western economics par¬ 
alleled that of Western science, which 
also lacked a supreme authority and 
yet became an effective enterprise co¬ 
ordinating the work of thousands of 
specialized scientists and a wide vari¬ 
ety of research institutions, Decentral- 
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ization is especially relevant to econom¬ 
ic growth, but Western societies have 
also had a comparable degree of auton¬ 
omy from political control in art, litera¬ 
ture, music, religion and other impor¬ 
tant social spheres. 

T he basic control problem of any 
economic system is to make and 
enforce a changing flow of inter¬ 
dependent decisions about production 
and consumption that will optimize hu¬ 
man welfare. Beginning no later than 
the 12th century, unregulated market 
trading was gradually insinuated into 
western European economies tradition¬ 
ally controlled by governments, guilds 
and the Catholic Church, The centuries- 
long process was partly one of creating 
new branches of trade (including inter¬ 
national trade) outside the jurisdiction 
of authorities and partly one of out¬ 
right evasion. Traditionally, Western au¬ 
thorities had overtly regulated prices 
and wages to keep them fair according 
to inevitably subjective criteria. 

The slow growth of unregulated mar¬ 
ket trading gradually reorganized more 
and more of these economies by trans¬ 
muting prices and wages into ethically 
neutral devices for keeping supply and 
demand synchronized, with consequen¬ 
ces for the organization and develop¬ 
ment of Western economies that did 


not begin to be widely appreciated until 
Adam Smith studied them in the latter 
part of the 18th century. The most visi¬ 
ble organizations of those times were 
governments, armies and the Catholic 
Church—all hierarchies. For many ob¬ 
servers, the very idea of organization 
implied a hierarchy of authority, and its 
absence was equated with chaos. People 
failed to see that through decentralized 
mechanisms, Western economies were 
achieving new patterns of specializa¬ 
tion and a size and efficiency of organi¬ 
zation without historical precedent. 

By the time the great German soci¬ 
ologist Max Weber wrote his pioneer¬ 
ing work on organization in the early 
20th century , the organizing power of 
markets was widely recognized among 
social scientists. Yet bureaucracy was 
looked on by some as an entirely via¬ 
ble alternative that seemed to offer a 
possible return to the long-iost world 
of “just" prices and “just” wages that 
socialists and many others found at¬ 
tractive. The comparative performance 
of socialist and Western economies 
over the past seven decades, culminat¬ 
ing in the recent upheavals in the Sovi¬ 
et Union and Eastern Europe, suggests 
that the judgment of equivalence over¬ 
looked something important. 

Market trading, considered by itself, 
can be conducted by agents of govern¬ 


ment, trade unions, consumers, inves¬ 
tors or any other groups or individu¬ 
als. In Western history, however, the in¬ 
troduction of market trading resulted 
from the efforts of merchants operat¬ 
ing within the framework of a peculiar¬ 
ly Western institution, the trading and 
manufacturing firm. What seems to be 
peculiarly Western about these institu¬ 
tions is that they have often competed 
through innovations in products, man¬ 
ufacturing and distribution. The suc¬ 
cess of Western economies in assimi¬ 
lating Western technology is not a con¬ 
sequence of unregulated markets alone 
but of markets in which there are pro¬ 
ductive firms that can gain much by 
commercializing new ideas more quick¬ 
ly than their rivals can. 

As we have already observed, inno¬ 
vation is a risky way to compete, and 
firms that live or perish by the uncer¬ 
tain irregularities of innovation's re¬ 
wards and losses are very different in¬ 
stitutions from administrative agencies 
of government. The point is especially 
significant today for the Soviet Union 
and Eastern Europe, which, having out¬ 
lawed the types of entities through 
which the West conducted commercial 
innovation, now confront an awesome 
need for rapid innovation in prod¬ 
ucts, manufacturing and organization 
if they are to narrow the economic gap 



TRANSCONTINENTAL RAILROAD was completed al Promon- ogy fueled economic growth by opening and expanding mar- 
lory Point, Utah, in 1869. Advances in transportation rechnol- kets, in turn allowing greater manufacturing specialization. 
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WILLIS R* WHITNEY, the first director of the General Electric Research Laboratory 
{left), and Irving Langmuir* the Nobel prize-winning industrial chemist (center), 
demonstrate a high-vacuum apparatus to Guglielmo Marconi, the inventor of radio 
(right). Corporate laboratories closely linked technology to scientific knowledge. 


between themselves and the Western 
countries* Although recognition of the 
need for greater reliance on markets 
has been increasing, there has so far 
been less awareness of the critical need 
to allow Soviet and Eastern Europe¬ 
an firms to make innovations in prod¬ 
ucts, production methods and organi¬ 
zation and to reap the resulting bene¬ 
fits and losses. 

I n seeking explanations for the West¬ 
ern miracle, we have proposed that 
long-term economic expansion and 
technological expansion go together, in 
that neither has occurred for very long 
without the other* But although tech¬ 
nological and economic expansion are 
interwoven and inseparable, no sim¬ 
ple law of nature makes technology the 
cause of economic growth or growth 
the cause of technological advance. An 
expansion in the size of markets can 
make a more efficient division of labor 
and specialization possible without in¬ 
troducing any appreciable technologi¬ 
cal novelties. The interplay of people, 
economic institutions, growing mar¬ 
kets and technology is the key* 

At the end of World War II, many 
scholars and policymakers believed 
that the future of all nations lay with 
socialism—or at least with some oth¬ 
er form of planned economy. The old¬ 
er Western market institutions were 
additionally tainted by associations 
with colonialism* Consequently, only a 
handful of developing countries then 
chose to imitate the Western nations, 
and even their governments took a 
more active part in economic affairs 
than Adam Smith might have pre¬ 
scribed. This handful included Taiwan, 
South Korea, Hong Kong and Singa¬ 
pore-some of the great economic suc¬ 
cess stories of this century. 

No one can guarantee that other 
countries would do equally well with a 
similar policy of imitation. But as we 
survey 40 years of experience with so- 
dalist and populist regimes in Eastern 
Europe, Asia, Africa and South Ameri¬ 
ca, we believe that it requires a victory 
of faith over experience to see much 
chance of success without imitation. 

Science, no longer solely Western, is 
pushing back the frontiers of knowl¬ 
edge at what seems an accelerating 
pace. Because knowledge creates eco¬ 
nomic resources and because knowl¬ 
edge generally grows at an exponential 
rate, future advances in human wel¬ 
fare can be at least as striking as those 
of the past 200 years. Science can also 
play a much larger role in dealing wlih 
such deep-rooted problems as envi¬ 
ronmental pollution and population 
growth but only in the context of more 


effective institutions and personal in¬ 
centives* Recent disclosures from East¬ 
ern Europe indicate that industrial pol¬ 
lution there has been far worse than in 
Western, market-oriented economies. 

Given the strong prospects for the 
continued growth of international trade 
and markets, further Western growth 
may continue to widen the econom¬ 
ic gap between countries that follow 
the West’s example and those that do 
not* Economic gaps are already creat¬ 
ing severe political and social pressures 
in the developing countries, especially 
since some of them have demonstrated 
that the gaps can be closed. Unless 
these nations take effective action, the 
consequences could be even less satis¬ 
factory than those seen during the past 
40 years. 
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Black Holes in Galactic Centers 

Some holes power brilliant quasars; most seem to lie dormant 
in relatively quiet galaxies like our own. Understanding these massive 
objects will help reconstruct the early history of the universe 


by Martin j. Rees 


G alaxies are the basic building 
blocks of the cosmos. The light 
from most galaxies represents 
the combined output from their tens 
or hundreds of billions of constituent 
stars. But for more than 25 years as¬ 
tronomers have known that some gal¬ 
axies also have a bright, compact cen¬ 
tra! nucleus whose emission does not 
come from normal stars. The most ex¬ 
treme instances of these so-called ac¬ 
tive galactic nuclei are quasars, objects 
no larger than the solar system whose 
total radiation exceeds that of 100 bil¬ 
lion stars. Quasars seem to represent a 
particularly agitated stage in ihe devel¬ 
opment of some galaxies. Mounting ev¬ 
idence hints that many, perhaps most, 
young galaxies experience a phase of 
quasar or quasarlike activity. 

Astronomers generally agree that 
gravity powers active galactic nuclei. 
Their tremendous brilliance and small 
size imply Ihal the gravity source must 
be massive yet extremely compact. The 
best candidate for the central engine 
of quasars is a black hole—a collapsed 
body whose gravity is so great lhat 
nothing, including light, can escape 
from it. 

The discovery of black holes in galac¬ 
tic centers, exciting in its own right, 
could affect current ideas about the 
evolution of the universe. Quasars ap¬ 
peared when the universe was less than 
one billion years old, indicating that 
some galaxies had already developed 
dense central regions. The early appear¬ 
ance of quasars rules out many cosmo¬ 
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logical models, which predict that the 
formation of galaxies should require 
billions of years, and even raises prob¬ 
lems for the reigning cold dark mat¬ 
ter model. Recent measurements of the 
cosmic background radiation intensify 
the puzzle. Most theorists think that 
galaxies formed from density variations 
In the newborn universe. Yet measure¬ 
ments of the background radiation in¬ 
dicate that any variations were so slight 
lhat it is difficult to understand how 
they could have produced the struc¬ 
tures seen today. Apart from its cos¬ 
mological significance, the detection of 
massive black holes also could eluci¬ 
date predictions of Einstein’s theory of 
general relativity. 

T heory holds that a galactic black 
hole could signal its presence. Gas 
swirling around and down toward ihe 
hole accelerates almost to the speed of 
light. The gas grows hot as a result of 
friction ant! becomes electrically con¬ 
ductive plasma. The black hole's gravity 
squeezes magnetic fields that form in 
the plasma, generating additional heat. 
Such hot, dense matter would radiate 
intensely. In this way, a black hole con¬ 
verts matter into energy- with more than 
10 limes the efficiency of the nuclear 
reactions that cause stars to shine. 

The presence of black holes in the 
centers of galaxies would noi be sur¬ 
prising. Once galaxies began forming 
from the primordial material, stars or 
gas clouds in the densest central re¬ 
gions of the galaxies could have aggre¬ 
gated and collapsed into a black hole. 
Additional infalling matter would cause 
the black hole to “switch on” as a qua¬ 
sar. The energy emitted by the quasar 
may in turn affect the further forma¬ 
tion of the galaxy. 

The mass that accumulates in the 
center of an elliptical galaxy may be 
proportional to the total mass of the 
galaxy. For spiral “disk" galaxies like 
the Milky Way, the hole may be relat¬ 
ed not to the total gafaxy mass but to 
the mass of the dense central bulge of 
stars, which is much smaller than a 


typical elliptical galaxy. The most lumi¬ 
nous quasars are probably associated 
with the most massive black holes, 
those in elliptical galaxies. Spiral galax¬ 
ies that contain only moderate-mass 
black holes could never have been 
powerful quasars. 

Not all elliptical galaxies necessar¬ 
ily contain black holes. Indeed, even if 
a black hole once resided in a galaxy, 
it may no longer be there. Some the¬ 
orists now believe that many ellipti¬ 
cal galaxies are created when two or 
more galaxies merge: the orbits of their 
stars become mixed up, and the result¬ 
ing pileup of stars takes on an elliptical 
shape. If the original galaxies contained 
massive central black holes, the holes 
would spiral together into the center 
of ihe merged gaiaxy and settle into 
a mutual orbit. The two black holes 
would approach each other ever more 
closely because orbital energy would 
radiate away as gravity waves, accord¬ 
ing to the theory of relativity. A pow¬ 
erful burst of gravitational radiation 
emitted during the final coalescence 
could create a recoil that would send 
the merged black hole hurl ling into in- 
tergalactic space. Space-based probes 
could in principle detect these potent 
gravity waves and so confirm the valid¬ 
ity of Einstein’s ideas. 

All these ideas remain frustratingiy 
speculative. Investigators would like to 
learn the details of how quasars and 
other active galactic nuclei function, 
how common they are and what hap¬ 
pens to them when they fade away, 
A better understanding of these ener¬ 
getic, enigmatic objects will help illu¬ 
minate the manner in which galaxies 
form and evolve. 

Q uasars are difficult to study be¬ 
cause they are distant in both 
space and time. They appear as 
they were billions of years ago, 
when the Light now reaching the earth 
began its journey. 

Astronomers measure large cosmic 
distances by means of redshifts, the ex- 
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tent to which an object’s light has been 
stretched, or “reddened." Because of 
the overall expansion of the universe, 
every body is moving away from every 
other body (except over small scales), 
and two bodies recede from each oth¬ 
er at a velocity proportional to the dis¬ 
tance between them. This is analogous 
to the behavior of a balloon marked 
with dots: as the balloon is inflated, ev¬ 
ery dot on its surface moves away from 
every other dot. The greater the dis¬ 
tance between two dots, the faster the 
stretching of the balloon carries them 
apart. No dot can be said to lie on the 
center of the balloon’s surface, just as 
no galaxy can be said to lie at the cen¬ 
ter of the expanding universe. 

The most remote quasars have red- 
shifts so large that the wavelengths 
of their radiation have been stretched 
more than fivefold between emission 
and reception. The visible light from 
these quasars that reaches the earth 
was originally emitted as much short- 
er-wavelength ultraviolet radiation. 

The stretching, or redshift, factor 
can be thought of as the ratio between 
the present size of the universe and 
the size of the universe when the light 
set out. A quasar’s redshift measures 
how large, and therefore how old, the 
universe was when the quasar emitted 
the Light. When observing quasars, as¬ 
tronomers are traveling through cosmic 
history back to the era when the uni¬ 
verse was less than one fifth its current 
size. The most favored cosmological 
model holds that the universe is about 
13 billion years old and that these 
most distant quasars shone when the 
universe was only one billion years old. 

Surveys of several thousand quasars 
reveal that the population has changed 
radically over time. When the universe 
was about two billion years old, qua¬ 
sars were far more common than they 
are today. Quasar activity 7 peaked sharp¬ 
ly at the epoch when the universe had 
about one third its present scale, about 
two to three billion years after the 
big bang. Apparently, significantly old¬ 
er quasars are rare not only because 


BERTH OF GAIAXIES may be intimately 
tied to the formation of a black hole. 
According to one evolutionary theory, a 
large gas cloud collapses under its own 
gravity (a) and forms a flattened disk 
with a condensed central region, where 
many stars coalesce (fr). The densest in¬ 
nermost region of the galaxy then col¬ 
lapses further into a black hole; sur¬ 
rounding material glows intensely as it 
falls into the hole (c). The size of the 
black hole probably depends on the 
size of the galaxy 's central bulge. The 
largest holes power brilliant quasars id). 





CYGNUS A galaxy, the most intense radio source in the sky, 
radiates primarily from two lobes of plasma (ionized gas) 
hundreds of thousands of lighi-years across. The lobes prob¬ 
ably are powered by hot jets that squirt out when gaseous 


matter falls toward a large black hole at the galaxy’s center. 
The energy in the lobes is equivalent to millions of solar 
masses; the size and structure of the lobes imply that Cyg- 
nus A has been active for a few tens of millions of years. 


they are more distant and hence fainter 
but also because the quasar population 
genuinely thins out at redshifts corre¬ 
sponding to times less than two billion 
years after the big bang. 

Most of the quasars that have ever 
been active are now evidently dead. The 
nearest bright quasar, known as 3C27H, 
lies two billion light-years from the 
earth and has an apparent brightness 
of 14ih magnitude, 1,000 times too 
faint to be seen with the naked eye. In 
contrast, during the “quasar era" some 
11 billion years ago, the nearest qua¬ 


sar would have been only about 25 mil¬ 
lion light-years away and as bright as a 
fourth-magnitude star, easily visible to 
the unaided eye. One might, of course, 
expect quasars to have been closer to¬ 
gether then simply because the entire 
universe was smaller and denser. Bui 
quasars were also 1,000 times more 
common then, relative to galaxies, than 
they are today. 

The first quasars appeared surpris¬ 
ingly soon after the big bang. Astrono¬ 
mers have found at least a few quasars 
whose light has been stretched by ncar- 
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QUASAR POPULATION was far larger and more concentrated in the early uni¬ 
verse, roughly two to four billion years after the big bang, than it is now (left). 
At still earlier times, the population thins out, but the evidence is fragmentary. 
Astrophysical clues suggest that the slowly changing quasar abundance actually 
conceals many overlapping generations of relatively short-lived objects {right). 


ly a factor of six, revealing that they ex¬ 
isted when the universe was younger 
than one billion years. These old, dis¬ 
tant quasars place tight constraints on 
theories of galaxy formation. 

Presumably quasar activity could not 
start until after ai least some galaxies 
had condensed and developed concen¬ 
trated central regions. Only then would 
the gravitational potential at the cen¬ 
ter be great enough to lead to runaway 
gravitational collapse, the formation of 
a black hole and the birth of a quasar. 
The discovery that quasars appeared 
so early in the history of the cosmos is 
an embarrassment to some theories of 
galaxy' formation, which hold that gal¬ 
axies had not even begun to coalesce 
until much later. 

The dramatic rise and fall of the qua¬ 
sar population, and indeed of all kinds 
of active galactic nuclei, are perplex¬ 
ing. Quasar activity is a feature of very 
young galaxies, perhaps because as a 
galaxy evolves, more of its gas becomes 
bound up in stars, leaving less fuel 
available for quasars. 

O bservational surveys alone can¬ 
not reveal whether quasar ac¬ 
tivity was a brief feature of all 
young galaxies or just a highly visible 
aberration in a few unusual ones. To 
settle this question, one needs to know 
how long a typical quasar lives. 

At present, less than one quasar ex¬ 
ists for every 100,000 galaxies. Even 
during the quasar era 11 billion years 
ago, quasars were about 100 times less 
common than normal gaiaxies. One 
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might infer from this that only one gal¬ 
axy in 100 has ever indulged in quasar 
activity, and so only about 1 percent of 
all galaxies today should harbor rem¬ 
nants. But there is an alternative pos¬ 
sibility: many short-lived generations 
of quasars could be born, evolve and 
die over the period when the overall 
population rises and falls. (By analogy , 
many generations of inhabitants might 
live and die as the population of a city 
grows and shrinks over the centuries.) 
Each individual quasar might shine only 
briefly, possibly much less than a bib 
Lon years. If so, quasar remnants would 
be much more common than if only a 
single generation had existed. 

One way to judge how long a qua- 
sar remains active is to estimate its 
mass. The most powerful quasars emit 
so much energy that they would have 
to swallow several tens of solar masses 
every year. If these quasars remained 
constantly active for a billion years, 
they would end up weigliing tens of bil¬ 
lions of solar masses. Even the more 
common, less luminous quasars would 
weigh more than one billion solar mass¬ 
es. If, on the other hand, many succes¬ 
sive generations of short-lived quasars 
appeared and disappeared, each qua¬ 
sar would not have had time to accu¬ 
mulate such a large mass. 

There is a good physical reason to 
think that quasars must w r eigh at least 
as much as 100 million suns, regard¬ 
less of how long they Uve. Radiation 
exerts a sUght pressure. Intense radia¬ 
tion pressure would expel all the mat¬ 
ter from a quasar's vicinity unless grav¬ 
ity provided a sufficiently strong coun¬ 
tervailing force. If quasars are powered 
by accretion, pulling gas in from their 
surroundings, then they must be mas¬ 
sive enough for gravity to counterbal¬ 
ance radiation pressure. The luminosi¬ 
ty of a quasar therefore implies a min¬ 
imum possible mass. Typical quasars 
must weigh at least 100 million suns; 
the most powerful ones, at least one 
billion suns. 

Another method for estimating qua¬ 
sar mass can be used for the minor¬ 
ity of quasars that are radio sources. 
The radio emission generally emanates 
from two huge lobes of plasma ener¬ 
gized by the quasar. The energy stored 
in the lobes is equivalent to the mass 
of millions of suns; assuming plausible 
levels of efficiency, the quasars must 
have accumulated a mass of at least 
100 million suns in order to unleash so 
much energy. The structure of the ra¬ 
dio-emitting lobes around these qua¬ 
sars also implies that they have been 
active fairly continuously throughout 
their lives. 

Unfortunately, no one knows how r 


much mass quasars arc bom with nor 
how much they grow before their fuel 
runs out. Spectroscopic studies reveal 
that quasars arc strongly affected by 
radiation pressure, indicating that they 
do not grow to be so massive that grav¬ 
ity completely overwhelms the force of 
radiation. This reasoning implies that a 
typical quasar shines for no more than 
50 million years. Such a relatively short 
lifetime implies that many, perhaps all, 
galaxies underwent a phase of quasar 
or quasarlike activity in their youth. 

These clues—none very precise—are 
the only ones astronomers have on the 
masses and life spans of active quasars. 
Theoretical mass estimates can be re¬ 
fined by making separate calculations 
for subclasses of quasars having, for 
example, different luminosities and ra¬ 
dio properties, but great uncertainty 
about the deduced lifetimes remains. 

A nother way to understand more 
about the nature of quasars and 
i other active galactic nuclei is 
to search for their corpses, quiescent 
black holes that may lie in the centers 
of many nearby galaxies. In this way, 
one might measure directly the masses 
and abundances of these objects. 

A massive black hole manifests itself 
as a quasar only as long as it is fueled 
by capturing gas and dust from its vi¬ 
cinity. In a vacuum, it emits no observ¬ 
able radiation at all. Even then, how¬ 
ever, it exerts a detectable gravitation¬ 
al influence on surrounding bodies. A 
large black hole in the nucleus of a 
galaxy would pull stars toward it and 
cause them to pile up in orbits near the 
center. Any stars dose to the black hole 
would orbit extremely fast. 

Every star in the galaxy responds 
to the cumulative gravitational field of 
all the other matter in the galaxy. The 
stars orbit at speeds that balance the 
disruptive effect of their kinetic energy 
against the tendency of gravity to pull 
them all together at the center. Stars 
can be captured into small, rapid orbits 
if they approach the vicinity of a cen¬ 
tral black hole. 

The radius of a black hole's “sphere 
of influence" on surrounding stars is 
directly proportional to its mass and 
depends inversely on the square of the 


ANDROMEDA GALAXY (a) has a com 
pact mass at its center, probably a black 
hole. A close-up of the nuclear region 

(b) shows the great concentration of 
stars there. Stellar velodty dispersion 

(c) and orbital velocities (d) increase 
sharply at the center, revealing the in¬ 
tense puli of a massive, invisible object. 
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stars’ velocity. In other words, the fast¬ 
er a star is moving, the less it is af¬ 
fected by the black hole's gravity. The 
sphere of influence is millions of times 
larger than the black hole itself but still 
only a few tens of light-years across. 
Even in nearby galaxies, such a small 
region would subtend an angle of only 
a few arc seconds (one arc second is 
1/3,600 degree). 

One telltale sign of a quiescent black 
hole lurking in the heart of a galaxy 
would be a sharp spike in the galaxy ’s 
light profile, resulting from the concen¬ 
tration of stars within the black hole’s 
sphere of influence. A number of re¬ 
searchers have looked for such spikes, 
but the findings always prove uncer¬ 
tain because some source other than 
stars, such as luminous gas clouds, 
may contribute light at the center. 

A second, less ambiguous signature 
of a black hole would be the presence 
of stars that are moving anomalous¬ 
ly fast very near the galaxy’s center. In¬ 
dividual stars of ordinary brightness 
cannot be detected in other galaxies, 
however, particularly in their crowd¬ 
ed centers. The sharpest details that 
ground-based optical telescopes can re¬ 
solve have angular sizes of about half 
an arc second. That angular size cor¬ 
responds to a region five light-years 
across in the Andromeda Galaxy, which 
is aboui two million light-years away 
and is the nearest large spiral galaxy 
like the Milky Way; a region this size 
contains tens of thousands of stars. 

Fortunately, one need not observe in¬ 
dividual stars in order to deduce the 
relevant characteristics of their motion. 
Optical spectra of the combined light 
from the stars in the central region 
can provide the desired information. 
Distinctive dark features—absorption 
lines—always appear at certain wave¬ 
lengths in the light emission of stars. 
In an orbiting cluster, some stars are 
moving toward the earth and others are 
moving away. The light from receding 
stars is stretched (redshifted), where¬ 
as the light from approaching stars is 
compressed (blueshifted). Lines in the 
combined spectrum of the cluster are 
blurred by the overlapping redshifts 
and blue shifts. The breadih of the lines 


BLACK HOLE CAPTURES aJJ stars with 
in a critical radius with its gravitaiion- 
al pull, producing a distinctive cluster 
of fast-moving stars (top). Stars that ap¬ 
proach the hole at small angles enter 
the tida! radius, within which the hole’s 
gravity tears the star apart (middle). 
Some of the star’s gas falls into the hole, 
creating a brief flare; most of ihe time, 
the hole would be quiescent (bottom). 





SLINGSHOT EJECTION can occur when a binary star closely other escapes at up to 10,000 kilometers a second. Normal 
approaches a black hole. One star may be captured while the encounters between stars cannot produce such velocities. 


indicates die range of velocities of' the 
stars. Particularly broad lines would sig¬ 
nal the presence of a very dense object, 
perhaps a black hole. 

In 1979 Peter J. Young and Wallace 
L. W. Sargent of the California Institute 
of Technology and their collaborators 
found spectral evidence for a compact 
mass of three billion suns in the core 
of the giant elliptical galaxy M87. l his 
galaxy is a strong radio source and has 
an unusual jet of luminous matter that 
seems to originate from its core—indi¬ 
cators of central activity, albeit at an 
energy level far below that of a quasar. 
M87 is a good candidate for having a 
central black hole, although a mass of 
three billion suns, implying that M87 
hosted a bright quasar, seemed sur¬ 
prisingly large to some theorists. At the 
distance of M87, 35 million light-years 
from the earth, the effects of a less 
massive black hole could not be detect¬ 
ed using current instruments. 

The credibility of the M87 obser¬ 
vations has been debated throughout 
the past decade. A pivotal question is 
whether a dark mass must exist at 
the center to account for the high stel¬ 
lar velocities measured or whether the 
concentration of stars could itself con¬ 
tribute enough mass to account for the 
motions. One significant problem has 
been the difficulty of distinguishing be¬ 
tween light from stars near the nucleus 
and nonstellar light emitted by whatev¬ 
er powers the luminous jet. 

Studies of the Milky Way’s nearest 
galactic neighbors have yielded more 
definitive results. Because these galax¬ 
ies are more than 10 times closer than 
M87, a central mass concentration of 
only 10 to 100 million suns might re¬ 
veal itself. Unlike M87, the nearby gal¬ 
axies show no signs of activity, even 
at low levels. As previously noted, a 
black hole will not broadcast its pres¬ 
ence if no matter is falling in. 


Optical astronomers have found in¬ 
direct evidence for compact central 
masses in several nearby galaxies. The 
most interesting and convincing case 
involves the Andromeda Galaxy. In the 
1960s Martin Schwarzschild and his 
colleagues at Princeton University built 
a small telescope called Stratoscope, 
which was flown on a high-altitude bal¬ 
loon to evade the blurring effect of the 
lower atmosphere. On its last flight, 
in 1971, they discovered that the stars 
in the central few light-years of the 
Andromeda Galaxy's core form a flat¬ 
tened disk. In the past few years Alan 
M. Dressier of the Carnegie Institute, 
Douglas O. Riehstone of the University 
of Michigan and John Kormendy of the 
University of Hawaii have taken spectra 
to study the motions of these stars. 
They find that the velocities rise sharp¬ 
ly toward the center. Also, the flattened 
stellar system rotates in a manner that 
indicates that the mass at its center is 
extremely concentrated. The mass of 
the central object is estimated to be ap¬ 
proximately 30 to 70 million suns. 

Other nearby galaxies exhibit simi¬ 
lar features. John L. Tonry, now at the 
Massachusetts Institute of Technolo¬ 
gy, showed in 1984 that the small gal¬ 
axy M3 2 (a close neighbor of the An¬ 
dromeda Galaxy) seems to harbor a 
central dark object of about five million 
solar masses. The aptly named Som¬ 
brero Galaxy was studied by B. J. Jarvis 
and P. Dubath at the European South¬ 
ern Observatory and by Kormendy with 
the Canada-France-Hawaii telescope on 
Mauna Kea in Hawaii, The Sombrero 
Galaxy appears to have a rapidly rotat¬ 
ing stellar core surrounding a concen¬ 
trated central mass of almost one bil¬ 
lion solar masses. 

But are these compact dark masses 
necessarily black holes? The lack of a 
large central spike in the light distri¬ 
bution in the Andromeda Galaxy im¬ 


plies that the central object, whatever it 
may be, emits very little light relative to 
its mass. Could an unusual population 
of dim stars be concentrated near the 
center? A tightly knit cluster of small¬ 
er black holes (10 lo 100 solar mass¬ 
es each), of neutron stars or of brown 
dwarfs (objects with less than one tenth 
the mass of the sun, which are insuf¬ 
ficiently massive to shine) could con¬ 
tain considerable mass yet provide lit¬ 
tle light. Why or how such objects 
would accumulate in the innermost 10 
light-years of a galaxy is unknown, but 
their existence cannot be ruled out. 

Sharper observations could settle this 
question. If the stars closest to the 
center of a galaxy move still faster 
than those one arc second from the 
center—implying that the dark mass 
is concentrated within the inner one 
light-year, not merely the inner 10— 
then many of the dark star candidates 
would be ruled out, A dense cluster of 
stars only one light-year across would 
evolve quickly owing to frequent stel¬ 
lar encounters. Over a short period, the 
heaviest stars would collect at the cen¬ 
ter and coalesce into a central body, 
presumably a black hole* It is highly 
implausible that a dense central stellar 
cluster could have survived intact in a 
galaxy 10 billion years old. 

I f large central black holes truly are 
common, they must also be ex¬ 
tremely quiet. Astronomers invoke 
black holes to explain some of the 
most luminous and efficient radiation 
sources in the universe. But there is no 
sign of elevated levels of activity in the 
Andromeda Galaxy, the Sombrero Gal¬ 
axy or M32, Observations reveal that 
Andromeda emits no more than one 
ten thousandth the radiation of a qua¬ 
sar. In most galaxies the inner region 
may well be swept dean of gas. 

Even a dormant black hole could 
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occasionally become bright again if it 
were to consume a star from the gal’ 
axy’s inner regions. Each star in the 
galaxy traces out a complicated orbit 
under the combined gravitational influ- 
ence of all the other stars and of the 
hole itself. The orbits gradually change 
or diffuse owing to the cumulative ef- 
feet of encounters with other stars. The 
encounters may shift a star into an or¬ 
bit that brings it close to the hole. A 
star may occasionally plunge straight 
into the hole. 

A star can approach a black hole 
only so far without suffering damage. 
Gaseous bodies like stars are sensitive 
to tidal effects, the gradient in the grav¬ 
itational pull across a body. If a star 
passes too dose to a massive black 
hole, the different gravitational stress¬ 
es on the parts of the star dosest to 
and farthest from the hole will tear it 
apart. Any star passing within the “tid¬ 
al radius" will therefore be destroyed. 

The tidal forces at the edge of a black 
hole are more gentle for holes of larg¬ 
er mass. The radius of the black hole 
proper increases in direct proportion to 
its mass, whereas the tidal radius grows 
only as the cube root of the mass. For 
very massive black holes, such as the 
diree-billion-solar-mass hole postulated 
to exist in M87, the tidal radius actually 
lies within the event horizon, the dark 
“surface" that marks the black hole's 
point of no return. Stars approaching 
the hole would be disrupted only after 
passing irreversibly inside its horizon. 
The situation is different for smaller 
black holes of only five to 100 million 
solar masses (like those observed in 
nearby galaxies), whose tidal radius is 
10 to 100 times larger than the hole it¬ 
self. Stars would be disrupted while far 
enough from these holes that the dis- 
tinctive radiation from the encounter 
could escape. 


Such events should occur about once 
every few thousand years, according to 
stellar dynamics calculations. The exact 
rate depends on the statistics of the 
stellar orbits and particularly on how 
quickly new stars move into vacated or¬ 
bits that come dose to the hole. When 
a star is disrupted, the sudden release 
of gas inevitably produces some radi¬ 
ation, The terminal hash of a disrupt¬ 
ed star could be the clearest signal of 
a black hole's presence. The theory of 
relativity predicts what a flash should 
look like; observing one will constitute 
yet another test of this theory. 

When the tidal forces from the black 
hole start to compete with a star's own 
gravity, the material of the star re¬ 
sponds in a complicated way, stretch¬ 
ing along the orbital direction, contract¬ 
ing at right angles to the orbit and be¬ 
coming strongly agitated and shocked. 
Accurately modeling this phenomenon 
poses an as yet unsolved problem for 
computer simulations. Within a few 
years improved simulations should re¬ 
veal what happens when stars of dif¬ 
ferent types become tidally disrupted 
and what the observational signature of 
such events would look like. Some rel¬ 
atively crude calculations that my col¬ 
leagues and I have already performed 
should, however, be adequate to convey 
at least the essence of what goes on. 

The debris from the star spreads 
out onto a range of orbits about the 
hole. About half of the matter remains 
gravitationally bound to the hole. The 
rest fans out into hyperbolic orbits 
at speeds up to 10,000 kilometers a 
second. What would an observer see if 
such an event occurred in the center of 
the .Andromeda Galaxy? The most con¬ 
spicuous effects would result from ma¬ 
terial that swirls down into the hole. 
The nucleus of the galaxy would appear 
to flare up to a power output much 


greater than that of a supernova—al¬ 
most comparable to the brightness of a 
quasar-—for about one year. 

It is hard to calculate how much of 
this radiation emerges as visible light 
as opposed to higher-energy ultraviolet 
or X-ray radiation. Current models also 
cannot predict how fast the brightness 
of the flare fades, which depends on 
how long it takes for the star to be di¬ 
gested. This point is important because 
astronomers would like to know wheth¬ 
er radiation from the region around the 
black hole drops below detectable lev¬ 
els before the next stellar disruption 
occurs, 1,000 to 10,000 years later. The 
longer a flare remains visible, the more 
likely it is that one would now be de- 
tectable in a nearby galaxy. 

If most galaxies harbor black holes, 
then a sample of the nearest 10,000 gal¬ 
axies {out to the Virgo Cluster, about 60 
million light-years away) should con¬ 
tain a few galaxies now at the peak of a 
flare episode. Other, presumably more 
numerous, galaxies should be in a state 
in w r hich the lingering effects of the 
most recent tidal disruption are still 
discernible. Sky surveys set up to de¬ 
tect supernovas in other galaxies are 
being used to search for these hares. 
It would be highly worthwhile to moni¬ 
tor all 1,000 or so galaxies in the Virgo 
Cluster annually for evidence of a stel¬ 
lar disruption by a black hole. 

T f black holes reside in most nearby 
I galaxies, our own galaxy, the Milky 
_L Way, w’ould seem underprivileged 
if it did not contain one as well. The 
complex structures near the center of 
the Milky Way include several infrared 
sources that are asymmetrically placed 
with respect to an intense, compact ra¬ 
dio source [see “What is Happening at 
the Center of Our Galaxy?” by Charles 
H. Townes and Reinhard Genzel; Sci- 



MERGING GALAXIES bring the black holes from two galactic the two combine into a single object. If their masses are un- 
centers into orbit about each other. The holes emit gravita- equal or if the black holes are rotating, the final blast of grav- 
lional radiation, which causes their orbit to decay. Eventually Rational radiation may eject the merged hole from the galaxy. 
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RADIO MAP of the center of the Milky Way shows disturbed arms of gas, perhaps 
the result of the disruption of a star by a black hole. The motions of the gas and 
stars near the center also indicate the presence of a heavy, compact dark mass. 


enttfic American, April (. The source 
sits at or very near the gravitational 
center of the galaxy and appears quite 
unlike any other radio source in the 
galaxy'. Its emission can be well ex¬ 
plained by the accretion of small quan¬ 
tities of gas onto a black hole of a few 
million solar masses. Gas clouds within 
a few light-years of the center seem to 
be moving rapidly under the gravita¬ 
tional influence of a compact mass of 
two to three million solar masses. 

The expected occasional stellar dis¬ 
ruptions would energetically expel mat¬ 
ter from the black hole’s vicinity, and 
in fact there is a hallowed-out central 
cavity filled with tenuous, hot gas. Dis¬ 
rupted gas streamers and other evi¬ 
dence of recent violent activity hint 
that the power produced at the center 
has been higher in the past than it is at 
present. Perhaps the armiike gas struc¬ 
tures several light-years from the galac¬ 
tic center delineate the trails of debris 
from the most recent tidal disruptions. 

A good indicator of the presence of a 
black hole in our galactic center would 
be the existence of exceptionally fast- 
moving stars that had been accelerated 
away from the center by a gravitation¬ 
al slingshot effect, (This effect w ? as ex¬ 
ploited for the Voyager probes: the 
gravitational pull of each planet stud¬ 
ied helped to accelerate the probes on 
to their next destination.) The sling¬ 
shot effect cannot impart a velocity 
greater than The main body's escape 
velocity, the critical velocity' necessary 
to break free of the body's gravitation¬ 
al grip. Stars ejected from double or 
multiple star systems therefore cannot 
attain velocities exceeding about 1,000 
kilometers a second, the escape veloci¬ 
ty from a typical star. 

When a binary' star passes dose to 
a central massive black hole, one star 
may be captured into an orbit about 
the hole while the other escapes at very' 
high speed. The escaping star would fly 
out with a velority much greater than 
1,000 kilometers a second, according 
to calculations by Jack G. Hills of the 
Los Alamos National Laboratory. 

The discovery' of even one star mov¬ 
ing outward from the galactic center 
with far more than the normal stellar 
escape velocity would be compelling 
evidence for the existence of a massive 
central black hole. The density of stars 
at the heart of the Milky Way is poorly 
known, but if 1 percent of the stars are 
binaries, once every 10,000 years a star 
should be shot away from the black 
hole with a vdodty of about 4,000 kilo¬ 
meters a second. At this rate, each run¬ 
away would take about two million 
years to travel 30,000 light-years, the 
sun’s distance from the center. About 


200 (two million divided by 10,000) of 
these superfast stars should therefore 
be moving outward from the center but 
still within the radius of the sun’s or¬ 
bit through the galaxy. Provided they 
are bright enough to be detected, such 
stars should in principle be easy to rec¬ 
ognize because they would move rapid¬ 
ly across the sky. 

Superfast stars ejected from the 
black hole acquire their kinetic energy 
at the expense of their former binary 
companions, which find themselves in 
orbits trapped deep within the hole’s 
gravitational well. In addition to seek¬ 
ing superfast stars, astronomers might 
search for stars orbiting close to the 
galactic center at velocities in excess of 
10,000 kilometers a second. Such high 
orbital velocities would tear apart a 
normal multiple star system. 

So far the evidence in favor of a black 
hole at the center of the Milky Way is 
quite persuasive. Was our galaxy ever a 
quasar? Almost certainly it was not: a 
black hole of less than three million so¬ 
lar masses could never have produced 
the necessary energy. But less energetic, 
quasarlike activity probably has been a 
part of our galaxy’s history'. Studying 


the Milky Way and its close neighbors 
is therefore providing insights into the 
early lives of galaxies and into the na¬ 
ture of some of the most powerful and 
exotic objects in the universe. 
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Gene Therapy 

Treatment of disease by introducing healthy genes into the body 
is becoming feasible. But the therapy will not reach its full potential 
until the genes can be coaxed to work throughout life 


by lnder M. Verma 


O ne infant in every hundred is 
born with a serious genetic de¬ 
fect. Usually the damage be¬ 
comes evident in childhood. AH too of¬ 
ten, it gives rise to physical or mental 
abnormalities, pain and early death. 
Of the more than 4,000 known inher¬ 
ited disorders, most lack fully effec¬ 
tive therapies. 

It is no wonder, then, that scientists 
have long imagined curing heritable ills 
by introducing healthy genes into pa¬ 
tients. Advances in recombinant ON A 
technology, which have made possible 
the isolation of many genes, and new 
insights into gene regulation arc begin¬ 
ning to make this once impossible no¬ 
tion seem feasible. 

Indeed, the first federally approved 
clinical trial of a gene therapy for a 
genetic disease began this past Sep¬ 
tember. R. Michael B la esc, W. French 
Anderson and their colleagues at the 
National Institutes of Health (nih) arc 
introducing ihe gene for the enzyme 
adenosine deaminase (ADA) into chil¬ 
dren suffering from a rare condition 
known as severe combined immuno¬ 
deficiency (SCID). Derangement of this 
gene debilitates the immune system 
and is responsible for about 25 percent 
of all cases of SCID. 

The approach of the njh group re¬ 
quires repeated treatments throughout 
life, and so it is not a cure. Still, the tri¬ 
al could represent the start of a new 
era in medicine. The current pace of 
research suggests that by the turn of 
the next century clinical trials of gene 
therapies may be under way for any 
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of a number of diseases—inherited and 
otherwise. 

Genes can be transferred either into 
germ cells (sperm, eggs or early em¬ 
bryos) or somatic cells (those not des¬ 
tined to become sperm or eggs). Yet 
germ-line therapy is not an option for 
the foreseeable future, in part because 
the new genes would be passed from 
generation to generation, a prospect 
that raises profound ethical concerns* 
For instance, should therapy be ap¬ 
plied simply to improve one's off¬ 
spring, not only to prevent an inherited 
disease? Who would be empowered to 
decide? is society willing to risk intro¬ 
ducing changes in to the gene pool that 
may ultimately prove detrimental to the 
species? Do we have the right to tam¬ 
per with human evolution? The pros¬ 
pect of somatic cell therapy is less 
troubling, mainly because it would af¬ 
fect only the treated patient. 

T he most promising candidates 
for somatic cell therapy are dis¬ 
orders caused by impairment of 
a single gene that has been isolated and 
cloned and so is available for trans¬ 
plan l. These diseases should be sim¬ 
pler to correct than those caused by 
multiple genes or by such global distur¬ 
bances as the loss or addition of whole 
chromosomes. (Normally, human cells 
carry one set of 23 chromosomes inher¬ 
ited from the mother and a correspond¬ 
ing set from the father. Every chromo¬ 
some consists of a long stretch of DNA 
and includes thousands of genes.) 

In the ideal world, the diseases 
would be cured for life by one treat¬ 
ment, with no side effects. And gene 
insertion into a chromosome in a tar¬ 
get somatic cell would be site specific: 
in what is called homologous recombi¬ 
nation, the healthy, or “therapeutic," 
gene would exactly replace the dam¬ 
aged copy. Targeted insertion increases 
the probability that a therapeutic gene 
will function correctly. It also reduces 
the likelihood that random insertion 
will activate a quiescent oncogene (a 


cancer inducer) or inactivate a cancer 
suppressor. 

In reality, investigators have found it 
extremely difficult to control the fate 
of DNA introduced into cells. For every 
gene spliced into the correct place, 
more than 1,000 fit randomly into the 
genome (the total DNA in a cell). Work 
by Mario R. Capecchi of the University 
of Utah suggests that the obstacles to 
site-specific gene delivery are great but 
surmountable. Meanwhile many labora¬ 
tories, including my own at the Salk In¬ 
stitute in La Jolla, Calif., are concen¬ 
trating on developing gene augmenta¬ 
tion therapy, in which a healthy gene 
replaces the product of a missing or 
defective gene but does not physically 
replace the flawed DNA itself. 

Augmentation can he helpful when a 
genetic derangement results in lit lie or 
no production of a protein. (Each gene 
encodes, or carries instructions for, a 
single protein.) Low production occurs 
when mutations hamper the activity of 
both the maternal and paternal copies 
of a gene or when a hobbled gene is 
inherited on a male's only X chromo¬ 
some. (The cells of males carry one X 
and one Y chromosome; those of fe¬ 
males carry two X chromosomes.) 

On the other hand, augmentation 
therapy might not be of much help 
when a mutation yields overproduc¬ 
tion of a protein or the synthesis of 
a destructive substance, as is the case 
in sickle cell anemia. To correct those 
kinds of disturbances, therapy would 
often have to include delivery of both a 
healthy gene and one capable of inacti¬ 
vating the mutated version. 

For now', most scientists interested 
in gene augmentation are planning to 
remove cells from patients, introduce a 
therapeutic gene and return the altered 
ceils to the subject. Some day, howev¬ 
er, physicians may directly inject pa¬ 
tients with genes linked to substances 
that will deliver those genes to specific 
target cells. 

Fortunately, genetic flaws do not nec¬ 
essarily have to be corrected In all of 
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the body’s trillions of cells in order for 
therapy to work. First, even though 
every somatic cell in an individual car¬ 
ries identical chromosomes, certain 
genes function only in a single cell 
type. Treatment, then, could focus only 
on that type. Second, even when a ge¬ 
netic defect results in insufficient syn¬ 
thesis of a protein made in virtually ev¬ 
ery cell, many cells compensate for the 
loss. For instance, a flaw in the ADA 
gene affects most somatic cells to a de¬ 
gree but is devastating only to some 
constituents of the immune system. 

N ontargeted delivery of genes 
into cells can be accomplished 
by chemical or physical means 
(transfection) or by viruses (trans¬ 
duction). In chemical approaches, one 
mixes many copies of DNA carrying 
the healthy gene with a charged sub¬ 
stance—typically calcium phosphate, 
DEAE-dextran or certain lipids. Then 
the mixture is essentially dumped onto 
recipient cells. The chemicals disturb 
the cel) membrane and transport the 
DNA into the interior. 


The procedure is simple, but the 
efficiency of gene delivery is dismal. 
Usually only one cell in 1,000 to 100,- 
000 integrates the gene of interest into 
its genome. A physician would have to 
obtain an impossible number of cells 
from patients to guarantee the appro¬ 
priate alteration of the millions re¬ 
quired for therapy, 

I should point out that integration is 
not always crucial to gene expression 
(production of the encoded protein). 
Still, a gene that is integrated is like¬ 
ly to last longer in the cell. Further, 
it should replicate whenever the rest 
of the DNA does, as when a cell pre¬ 
pares to divide. The therapeutic gene 
would thus be inherited by the daugh¬ 
ter cells and by their daughters and so 
on, thereby ensuring a supply of the 
product throughout a patient’s life. 

Physical methods include microinjec¬ 
tion with a fine glass pipette and elec¬ 
troporation (the exposure of cells to an 
electric shock). The shock renders cells 
permeable to DNA in the surrounding 
medium, but it can also severely dam¬ 
age them. Microinfection can be ex¬ 


tremely efficient; perhaps one cell in 
five takes up the foreign gene perma¬ 
nently. Yet because only a single cell 
can be injected at a time, this tedious, 
labor-intensive approach is not suitable 
for therapeutic purposes. 

The final strategy capitalizes on the 
native ability of viruses to enter cells, 
bringing their own genetic material 
with them. Many of these organisms 
have now 7 been engineered to serve as 
vectors, or delivery vehicles, for gene 
transfer. Viruses can be grouped ac¬ 
cording to whether their genetic mate¬ 
rial is DNA or RNA. The two substan¬ 
ces have important chemical differ¬ 
ences, although both are built from 
units known as nucleotides and both 
include regulatory codes in addition to 
those specifying the sequences of 
amino acids in proteins. 

Many DNA viruses that can accept 
foreign generic material turn out to be 
severely limited in the number of nu¬ 
cleotides they can accommodate and in 
the range of cells they infect. Certain 
other DNA viruses are roomier but 
have so far proved unusable for var- 



STERILE BUBBLE protected a boy named David, who suffered profoundly impaired. SC ID patients have better options today 
in the 1970s from severe combined immunodeficiency, or and may have more in the future; the first gene therapy ap- 
SCID, an inherited disorder in which the immune system is proved for clinical trial aims to ease a form of the disorder. 
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ious reasons. Moreover, DNA viruses 
often do not splice their genetic mate¬ 
rial into the chromosomes of the cells 
they infect. 

A s is true of the DNA viruses, most 
RNA viruses are unsuitable for 
L gene therapy, m ainly because 
RNA, which cannot integrate into the 
DNA of human cells, is degraded rap¬ 
idly. Varieties known as retroviruses 
are an exception. They actually convert 
their RNA to DNA in infected cells and 
insinuate the DNA into a chromosome. 
The integrated DNA then directs the 
synthesis of virai proteins. Retrovirus¬ 
es can entertain more foreign genetic 
material than some DNA viruses. They 
can also infect a broad spectrum of 
species and cell types. 

For these reasons, retroviruses are 
the most promising gene-delivery sys¬ 
tems studied thus far. Indeed, unless 
specified, all approaches to gene trans¬ 
fer discussed in the balance of this arti¬ 
cle are based on these vectors. 

Retroviruses are, of course, not with¬ 
out obvious drawbacks. For instance, 
they can merge their DNA into a chro¬ 
mosome only in cells capable of ac¬ 
tively dividing. Yet many cells do not 
normally divide—among them, mature 
neurons—and so they are not readily 
amenable to being genetically altered 
by retroviral vectors. 

More disturbing is the possibility that 
retroviruses can cause cancer. The risk 
is extremely low for the species thai 
have been considered as vectors, but it 
increases if the viruses are allowed to 
multiply in the body and spread from 
cell to cell. Consequently, a major chal¬ 
lenge has been devising ways to stop 
the vectors from reproducing. 

The efforts of several laboratories 
have together yielded at least one tech¬ 
nique that seems to work well l see il¬ 
lustration on page .?8]. The organisms 
produced by that method have a nor¬ 
mal outer coat and contain all of the 
virus's proteins. The retroviral RNA, 
however, includes no instructions for 
synthesizing viral proteins. The ther¬ 
apeutic gene takes the place of those 
missing instructions. 

The coat enables the viruses to en¬ 
ter cells and deliver the viral contents 
to the cell's cytoplasm. Then viral en¬ 
zymes convert the RNA to DNA and 
help to fit that DNA into the genome of 
the host ceil. But that is the end of the 
line for the virus. 

Under normal circumstances, inte¬ 
grated retroviral DNA—called the pro- 
virus—would direct the synthesis of vi¬ 
ral proteins and RNA, which would 
then assemble into clones of the origi¬ 
nal virus. In contrast, the altered retro¬ 


virus, bereft of instructions for mak¬ 
ing viral proteins, produces no prog¬ 
eny. The virus essentially disappears 
from the cell, leaving behind only the 
foreign gene and nucleotide sequences 
that now serve merely to facilitate the 
expression of the gene. 

Although retroviruses can Infect 
many cell types, only certain target cells 
can be considered for genetic manipu¬ 
lation. The cells must be strong enough 
to withstand handling and capable of 
being removed from the body and re¬ 
turned with reasonable ease. In addi¬ 
tion, they should be long-lived, surviv¬ 
ing for months or years or preferably 
for the patient's entire life. Because 
bone marrow, skin and liver cells best 
meet these criteria, diseases that can 
be treated by manipulating these cells 
are among the most promising candi¬ 
dates for gene therapy. 

The cells of the bone marrow, w r here 
blood is produced, can in theory be ex¬ 
ploited to correct disorders caused by 
genetic flaws in red blood cells or in 
white blood cells (which are important 
in immunity). SCID caused by an ADA 
deficiency is but one of several inherit¬ 
ed conditions affecting the immune 
cells; another is leukocyte adhesion de¬ 
ficiency, which involves the poor mo¬ 
bilization of white blood cells and leads 
to recurrent infections. Among the dis¬ 
eases associated with impaired red 
blood cells are the thalassemias, which 
reflect impairments in the genes en¬ 
coding subunits of the hemoglobin 
molecule—the oxygen carrier in red 
blood cells. 

B eta thalassemia was once expect¬ 
ed to be the first disorder treated 
with gene therapy. Its history il¬ 
lustrates some of the problems that 
have beset the effort to develop gene 
therapy in general and therapy based 
on bone marrow cells in particular. 

Red blood cells of patients stricken 
with beta thalassemia are deficient in 
beta globin, which in healthy individu¬ 
als combines with alpha globin and iron 
(heme) to yield hemoglobin. Healthy 
ceils regulate the activity of both genes 
precisely, ensuring that equal amounts 
of alpha and beta globin are made. The 
lack of beta globin gives rise not only 
to a deficit in hemoglobin production 
but also to a relative excess of alpha 
globin. This excess, in turn, hastens 
cell death and can cause severe ane¬ 
mia, Usually patients succumb to the 
disease by age 20, after years of pain 
and suffering. 

This disease and other inherited 
blood disorders could probably be 
treated efficiently by delivering healthy 
genes to stem ceils, the subset of cells 


in the marrow that gives rise to the full 
spectrum of blood cells and replaces 
dead cells throughout a person's life. 
Stable introduction of a desired gene 
into a stem cell could guarantee the 
production of normal blood cells for as 
long as a patient lives. 

Sadly, human stem cells are far from 
abundant and are virtually impossible 
to isolate. Researchers have therefore 
been forced to resort to a less efficient 
strategy: infecting enormous numbers 
of bone marrow cells with a therapeu¬ 
tic retrovirus in the hope that enough 
stem cells will be Infected, 

Studies of beta globin have supplied 
much of the evidence showing that 
the approach has at least some merit. 


LIFE CYCLE of a retrovirus begins when 
the virus binds to [above) and enters 
[right) a cell and injects its genetic ma¬ 
terial (RNA) and proteins into the cyto¬ 
plasm. Typical retroviral RNA includes 
three coding regions: gag ( green), pol 
(blue) and envi purple), specifying, re¬ 
spectively, proteins of the viral core, 
the enzyme reverse transcriptase and 
constituents of the coat. It also has three 
noncoding domains—two at the tips 
(light orange) and another called psi, ip 
(red). In the cytoplasm, reverse tran¬ 
scriptase converts the RNA into DNA, 
whose lengthened terminal domains, 
called long-terminal repeats (dark or¬ 
ange ), influence the activity of viral 
genes and facilitate insertion of virai 
DNA into cellular DNA, The ensconced 
DNA (the provirus) directs the synthe¬ 
sis of viral proteins and RNA. The pro¬ 
teins then enclose the RNA, forming 
viral particles that bud from the cell. 


RETROVIRUS 
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For instance, several laboratories have 
shown that a human beta globin gene 
inserted into mouse bone marrow cells 
by retroviral vectors stays in the cells. 
And Richard C. Mulligan and his co¬ 
workers at the Whitehead Institute lor 
Biomedical Research in Cambridge, 
Mass., have further shown that the hu¬ 
man gene is expressed when such cells 
are implanted in mice. 

On the other hand, no one has been 
able to achieve significant levels of glo- 
bin synthesis in recipient animals. This 
problem has been a major disappoint¬ 
ment, but a discovery by F. G. Grosveld 
and his colleagues at the National Insti¬ 
tute for Medical Research in London 
offers hope for a solution. 


They identified distinct stretches of 
DNA, thousands of nucleotides apart 
from the gene itself, that in normal red 
blood cells dramatically boost the pro¬ 
duction of glubin messenger RNA. Mes¬ 
senger RNA is transcribed, or copied, 
from DNA and is the template from 
which protein is made; hence, high 
levels of a messenger RNA indicate 
that the encoded protein is being pro¬ 
duced in abundance. It seems reason¬ 
able to think that linking globin-spe- 
cific enhancers to a globin gene in a 
retroviral vector might enhance globin 
synthesis in the body. Studies of this 
hypothesis are in progress. 

In general, genetically altered bone 
marrow cells have yielded poor in vivo 


expression of other genes as well, the 
problem must be resolved before gene 
therapy based on bone marrow cells 
can become a reality. 

.Along with an acceptable level of 
gene expression, one would hope for 
long-term activity. Recent findings re¬ 
lating to globin indicate that achieving 
prolonged expression of genes inserted 
in bone marrow may be less problem¬ 
atic than attaining high levels of pro¬ 
tein synthesis. For instance, Chung L. 
Li and V. J. Dwarki in my laboratory 
have produced sustained, albeit weak, 
expression of the human beta globin 
gene in mice for at least a five-month 
study period—the equivalent of 15 to 
20 years in a human being. The alpha 
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globin gene remained functional for at 
least 10 months. 

O ther findings emerging from the 
work on beta Thalassemia high¬ 
light the complexity introduced 
when correction of a disease requires 
precisely regulated expression of a ther¬ 
apeutic gene. l : or many disorders, in¬ 
cluding SCID, simply producing some 
amount of a missing protein is better 
than none. The same is not true for 
thalassemia. Because a relative excess 
of either alpha or beta globin can dam¬ 
age cells, the activity of a therapeutic 
globin gene must exactly mimic that 
of a normal version. Unfortunately, the 
mechanisms that control the activity of 
genes are understood only imperfect¬ 
ly—both for the beta globin gene and 
for most others. Discoveries are made 
constantly, however, and are helping 
improve the design of vectors for gene 
therapy. 

SCID researchers at the nih have tak¬ 
en a detour from gene therapy based 
on bone marrow cells, in part because 
of the ongoing problem of poor expres¬ 
sion. Patients in their study are treated 
with a select subset of circulating T 
lymphocytes, white blood cells crucial 
to immunity. T cells are devastated by 
a Lack of ADA. 

The retrovtrally altered lymphocytes 
are infused into children who are 
now being helped somewhat by injec¬ 
tions of PEG-ADA—.ADA mixed with 
the chemical polyethylene glycol to in¬ 
crease the enzyme's half-life. Success 
of the approach will be measured by 
improvements in immune function be¬ 
yond that achieved by enzyme replace¬ 
ment alone. Regrettably, T cells do not 
have the longevity of stem cells, which 
is why the disease cannot be cured in¬ 
definitely by one treatment. 


RETRO VIRAL VECTORS are assembled, 
or packaged, in cells designed to re¬ 
lease only safe vectors. Investigators 
substitute a therapeutic gene for viral 
genes in a provirus (a) and insert that 
provirus into a packaging cell { b >. The 
viral DNA directs the synthesis of viral 
RNA but, lacking viral genes, cannot 
give rise to the proteins needed to 
package the RNA into particles for de¬ 
livery to other cells. The missing pro¬ 
teins are supplied by a “helper" pro- 
virus from which the psi region has 
been deleted. Psi is crucial to the inclu¬ 
sion of RNA in viral particles; without 
it, no virus carrying helper RNA can 
form. The particles that escape the cell, 
then, carry therapeutic RNA and no vi¬ 
ral genes. They can enter other cells (c) 
and splice the therapeutic gene into cel¬ 
lular DNA, but they cannot reproduce. 
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The availability of nongenetic treat¬ 
ments for SCID {including bone mar¬ 
row transplantation) raises the gen¬ 
eral question of whether subjecting 
patients to highly experimental gene 
therapies is justified when alternatives 
exist. The prevailing opinion holds that 
such experimentation is acceptable if 
the risks are demonstrably low and if, 
on the one hand, a gene therapy pro¬ 
mises to be significantly more helpful 
than existing approaches or, on the 
other, patients are ineligible for the 
established treatments. In the case of 
SCID, for example, not all patients have 
access to bone marrow from a tissue- 
compatible donor. 

G enetic alteration of lymphocytes 
or bone marrow cells aims to 
correct defects in those same 
cells or their progeny. Skin cells, in con¬ 
trast, are being studied for quite a dif¬ 
ferent purpose: the synthesis and se¬ 
cretion of proteins that are normally 
made in one cell type but are ferried in 
blood plasma for use by other cells. 

In principle, implants of skin cells 
could correct many disorders. These 
conditions might include hemophilia 
{caused by a lack of blood-clot ting 
factors made in the liver) and diseas¬ 
es caused by insufficient production 
of particular hormones (for example, 
growth hormone). Certain disorders 
caused by deficient production of wide¬ 
ly made proteins would also be candi¬ 
dates, if the tissues most affected by 
the deficiency could take up replace¬ 
ment proteins from the blood. 

fibroblasts, a constituent of the der¬ 
mis (the lower layer of the skin), arc 
best suited for therapy, which would 
involve implanting die altered cells 
back into the dermis. They are accessi¬ 
ble and strong and able to multiply in 
the laboratory. Furthermore, they can 
secrete substances into the blood and 
would be easy to remove if necessary. 

My laboratory has extensively stud¬ 
ied the value of skin fibroblasts for 
treating the form of hemophilia caused 
by a lack of the liver product known as 
dotting factor IX. Our results under¬ 
score the great therapeutic potential of 
such cells. 

In one of our studies, for instance, 
A. Dusty Miller, now at the Fred Hutch¬ 
ison Cancer Research Center in Seattle, 
collaborating with George G. Brownlee 
and Don S. Anson of the University of 
Oxford, showed that fibroblasts could 
be induced to synthesize and secrete 
factor IX, even though they do not typi¬ 
cally make that protein. (Whether the 
same will be true for all foreign pro¬ 
teins remains to be seen.) Furthermore, 
when Daniel C. St. Louis, Jonathan H. 



LIVER CELLS from rabbits genetically deficient in the receptor for low-density lipo¬ 
protein (LDL) began to make the missing receptor (bright regions) after being al¬ 
tered to carry the receptor gene. The finding raises the possibility that a similar ge¬ 
netic disorder leading to excess serum cholesterol in humans might one day be 
treatable by gene therapy, James M. Wilson of the Howard Hughes Medical Insti¬ 
tute Research Laboratories at the University of Michigan at Ann Arbor and J. Roy 
Chowdhury of the Albert Einstein College of Medicine made the photomicrograph. 


Axelrod and Raphael Scharfmann in 
my group used retroviruses to insert 
the human factor IX gene into fibro¬ 
blasts and implanted the cells in the 
dermis of mice, the implants became 
highly vascularized and released the 
factor into the blood. 

This Study not only demonstrated 
that expression of factor IX in animals 
was possible, it also taught us an im¬ 
portant lesson. About 15 days after the 
cells were implanted, the human fac¬ 
tor disappeared from the blood of the 
mice. The recipients, it turned out, had 
mounted an immune response against 
the foreign human protein. The mor¬ 
al : gene therapy w r ill probably be most 
successful in patients who make at 
least a small amount of a deficient pro¬ 
tein; otherwise the immune system 
may become aroused against the prod¬ 
uct of an inserted gene. 

We have also found some evidence 
to suggest that, unlike the bone mar¬ 
row cells studied to date, fibroblasts 
may be able to produce enough of a se¬ 
lected product to correct disease. Ex¬ 
trapolation from data in mice indicates 
that an implant the size of a quarter 
should make enough protein to allevi¬ 
ate a factor IX deficiency in a human. In 
collaboration with Kenneth M, Brink- 
hous of the University of North Caro¬ 
lina at Chapel Hill, we expect to study 
the ability of fibroblast implants to 
correct hemophilia in dogs, if those 
experiments are successful, trials in 
humans would be justdied. 

Genetically altered fibroblasts might 
also be implanted in the brain to cor¬ 
rect disorders in neurons. The brain is 


notoriously hard to treat because many 
drugs that circulate in the blood are 
barred from the brain. Moreover, neu¬ 
rons cannot be removed for direct ge¬ 
netic alteration without consequence to 
the brain. Fibroblasts could in theory 
be engineered to secrete proteins for 
diffusion into nerve cells. 

Preliminary results are encouraging. 
Fred Gage of the University of Cali¬ 
fornia at San Diego has shown that 
implants engineered to secrete nerve 
growth factor could stimulate neuronal 
growth in die rat brain. The regenera¬ 
tion occurred in the kinds of neurons 
whose decay is associated with mem¬ 
ory loss in .Alzheimer's disease, al¬ 
though the role of the factor in that 
disease has not been established. Sim¬ 
ilarly, implants that make levodopa (t- 
dopa), a precursor of the neurotrans- 
mitter dopamine, are under study in 
animal models of Parkinson's disease. 
No one knows exactly what causes Par¬ 
kinson's, but a deficiency of dopamine 
seems to play a pari. Exactly how long 
fibroblast implants can survive in the 
skin or brain is still being investigated. 

C ompared with bone marrow and 
skin cells, liver cells are a new¬ 
comer to the field of gene thera¬ 
py. They could become important for 
the treatment of any number of genet¬ 
ic diseases caused by malfunctioning 
liver cells. Recently, for instance, Mul¬ 
ligan of the Whitehead institute and 
James M. Wilson, then also at the insti¬ 
tute, and, separately, Theodore Fried¬ 
mann and his colleagues at San Diego 
succeeded in delivering the gene for 
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the low-density lipoprotein (LDL) re¬ 
ceptor to liver ceils and inducing them 
to make biologically active receptors 
in the laboratory. The cells came from 
Watanabe rabbits, which are genetical¬ 
ly deficient in the LDL receptor—as are 
humans afflicted with familial hyper¬ 


cholesterolemia, a condition that can 
lead to heart attacks. 

The feasibility of directly injecting 
live Watanabe rabbits with complexes 
of the receptor gene and a protein that 
homes to the liver has also been stud¬ 
ied. {Direct injection in humans would, 


of course, avoid surgery to remove liv¬ 
er cells.) The encoded protein was de¬ 
tected in the body but, as was also true 
in the cell-culture study, was made 
only transiently. Longevity may yet be 
improved; investigation of liver cells is 
still in its infancy. 

Although bone marrow, skin and liv¬ 
er cells are receiving the most atten¬ 
tion, other types are also being consid¬ 
ered. For instance, retroviruses can car¬ 
ry genes for secretory products into 
endothelial cells, which line the arter¬ 
ies. These cells have more intimate 
contact with the blood than do fibro¬ 
blasts, and so they might deliver the 
products more quickly* 

Researchers are also considering in¬ 
jecting a healthy gene encoding dys¬ 
trophin (a structural component of 
muscle) directly into muscles of mice 
that have acquired a disorder akin to 
Duchenne’s muscular dystrophy. There 
is reason to hope the genes will be ex¬ 
pressed ; other genes injected into mus¬ 
cles in live animals gave rise to pro¬ 
teins for several months, even though 
the DNA was not integrated into chro¬ 
mosomes, It may also be possible to 
treat cystic fibrosis, an inherited lung 
disorder, by packaging healthy genes in 
retroviruses that would be inhaled in 
an aerosol spray* 

Gene therapy does not have to be 
limited to repairing the effects of mal¬ 
functioning genes. It can also add novel 
properties to cells to enhance their 
ability to combat disease. 

For instance, Steven A* Rosenberg 
and his colleagues at the National Can¬ 
cer Institute have demonstrated that 
lymphocytes taken from a patient's tu¬ 
mor and cultured with interleukin-2 (a 
T cell activator ) can shrink some can¬ 
cers* They now hope to increase the 
cancer-fighting powers of those tumor- 
infiltrating lymphocytes, or TILs, by in¬ 
serting a gene encoding tumor necrosis 
factor, a potent immune-system mol¬ 
ecule. The factor, which has antican¬ 
cer activity, is not ordinarily made in T 
cells. Clinical trials are expected to be¬ 
gin soon [see “Adoptive Immunother¬ 
apy for Cancer,” by Steven A* Rosen¬ 
berg; Scientific American, May]. 

In more preliminary work, another 
group is trying to induce various cell 
Types to produce CD4, a molecule 
found on T cells depleted by the AIDS 
vims. The virus enters the cells after a 
protein in its coat binds with GD4. A 
flood of CD4 molecules in the blood 
might serve as a decoy to keep the 
virus from inter a cling with the cells. 
Many other creative ideas for apply¬ 
ing gene therapy are also being dis¬ 
cussed, including coaxing endothelial 
cells to secrete factors that would pre- 




SKIN CELLS carrying an inserted gene can be embedded in a collagen matrix and 
implanted in the dermis to deliver the gene's product to the blood (top). In one ear¬ 
ly experiment, skin fibroblasts containing the human gene for factor IX, a protein 
normally secreted by the liver to aid in blood clotting, became well vascularized in 
mice and secreted the human factor for approximately two weeks (graph). Much 
longer release of foreign proteins has now been achieved by fibroblast implants. 
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DISORDER 

INCIDENCE 

NORMAL PRODUCT 

OF DEFECTIVE GENE 

TARGET CELLS 

STATUS 

Hemoglobin¬ 

opathies 

(thalassemias) 

1 in 600 
in certain 
ethnic groups 

Constituents 
of hemoglobin 

Bone marrow cells 
(which give rise to 
circulating blood) 

Globin production in animais receiving 
gene needs to be improved 

Severe combined 
immunodeficiency 
(SCID) 

Rare 

Adenosine deaminase 
(ADA) in about a quarter 
of SCID patients 

Bone marrow 
cells or 

T lymphocytes 

Clinical trial of lymphocyte therapy 
for ADA deficiency is under way 

Hemophilia A 
Hemophilia B 

1 in 10,000 males 

1 in 30,000 maJes 

Stood-clotting factor VIII 
Blood’dotting factor IX 

Liver ceils or 
fibroblasts 

Good chance for clinical trials 
(with fibroblasts) in next five years 

Familial 

hypercholester¬ 

olemia 

1 in 500 

Liver receptor for 
low-density 
lipoprotein (LDL) 

Liver cells 

Animal studies are in 
early stages 

Inherited 

emphysema 

1 in 3,500 

Alphas -antitrypsin (liver 
product that protects lungs 
from enzymatic degradation) 

Lung or liver cells 

Work is very preliminary 

Cystic fibrosis 

1 in 2,500 
Caucasians 

Substance important for 
keeping air tubes in lungs 
free of mucus 

Lung cells 

Aerosol delivery of gene directly 
to lungs is a theoretical possibility 

Duchenne's 

muscular 

dystrophy 

1 in 10,000 
males 

Dystrophin (structural 
component of muscle) 

Muscle cells 
(particularly 
embryonic ones 
that develop into 
muscle fibers) 

Work is preliminary. Nondystrophin 
genes injected into muscle have 
directed synthesis of the encoded 
proteins 

Lysosomal 

storage 

diseases 

1 in 1,500 
acquires 
some form 

Enzymes that degrade 
complex molecules in 
intracellular compartments 
known as lysosomes 

Vary, depending 
on disorder 

Most diseases would require 
delivery of gene into 
brain cells (a difficult task) 
as well as into other cell types 


POTENTIAL CANDIDATES for the earliest gene therapies will cloned. In general, physicians will remove cells from a pa- 
be disorders caused by defects in a single gene that has been tient, insert a healthy gene and return the cells to the body. 


vent blood clots from forming in a pa¬ 
tient’s arteries after heart surgery. 

T he idea of introducing genes 
to correct heritable and other 
disorders is nothing less than 
revolutionary. Perhaps that is one rea¬ 
son why the field has progressed some¬ 
what more slowly than was once ex¬ 
pected. Modem creatures are the prod¬ 
ucts of millions of years of evolu¬ 
tion. One cannot expect that the ini¬ 
tial stabs at inserting genes into cells 
will yield normal, stable expression 
easily. 

Yet to cure diseases, investigators 
must find ways to ensure that thera¬ 
peutic genes are expressed w f ell and 
persistently in the body. Continually 
emerging dues, such as the importance 
of induding particular enhancers with 
some genes in retroviral vectors, are 
beginning to point the way. Also need¬ 
ed are better methods for returning ge¬ 
netically altered cdls (such as liver 
cells) to the body, ways of extending 
the survival of implanted cells, and 
techniques for isolating human stem 


cells (to replace the bone marrow r ceils 
now being studied). 

At the same time, the safety of ret¬ 
roviral vectors must be confirmed in 
extensive studies of both small and 
large animals, and efforts to incorpo¬ 
rate added safeguards should continue. 
In spite of the advent of retroviral vec¬ 
tors that cannot replicate, there is still 
a chance they could cause cancer. Ef¬ 
forts to develop alternatives to retrovi¬ 
ral vectors should be pursued further 
as well, as should research into site- 
specific gene delivery. 

The goal of curing genetic diseases 
for life with a single, safe treatment is 
unquestionably worth the effort being 
pur into it, but 1 must end with the re¬ 
minder that gene therapy cannot cor¬ 
rect all human disease. Most human 
afflictions are not genetic. They are en¬ 
vironmental, caused by microbial infec¬ 
tions that spread because of poor sani¬ 
tation, polluted drinking water, malnu¬ 
trition and other factors that are 
outside the scope of genetic engineer¬ 
ing. Those diseases, too, deserve in¬ 
creased study. 
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The Meaning of Dreams 

Dreams may reflect a fundamental aspect of mammalian 
memory processing. Crucial information acquired during 
the waking state may be reprocessed during sleep 


by Jonathan Winson 


T hroughout history human beings 
have sought to understand the 
meaning of dreams. The ancient 
Egyptians believed dreams possessed 
oracular power—in the Bible, for exam* 
pie, Joseph's elucidation of Pharaoh's 
dream averted seven years of famine. 
Other cultures have interpreted dreams 
as inspirational, curative or alternative 
reality. 

During the past century, scientists 
have offered conflicting psychological 
and neuroscientific explanations for 
dreams. In i 900, with the publication 
of The Interpretation of Dreams, Sig¬ 
mund Freud proposed that dreams 
were the "royal road" to the uncon¬ 
scious; that they revealed in disguised 
form the deepest elements of an indi¬ 
vidual's inner life. More recently, in 
contrast, dreams have been character¬ 
ized as meaningless, the result of ran¬ 
dom nerve cell activity’. Dreaming has 
also been viewed as the means by 
which the brain rids itself of unneces¬ 
sary information—a process of "re¬ 
verse learning," or unlearning. 

Based on recent findings in my own 
and other neuroscientific laboratories, 1 
propose that dreams are indeed mean¬ 
ingful. Studies of the hippocampus (a 
brain structure crucial to memory), of 
rapid eye movement (REM) sleep and 
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of a brain wave called theta rhythm 
suggest that dreaming reflects a pivot¬ 
al aspect of the processing of mem¬ 
ory. In particular, studies of theta 
rhythm in subprimate animals have 
provided an evolutionary due to the 
meaning of dreams. They appear to be 
the nightly record of a basic mam¬ 
malian memory process: the means by 
which animals form strategies for sur¬ 
vival and evaluate current experience 
in light of those strategies. The exis¬ 
tence of this process may explain the 
meaning of dreams in human beings, 

T he physiology of dreaming was 
first understood in 1953, when 
researchers characterized the hu¬ 
man sleep cycle. They found that sleep 
in humans is initiated by the hypno- 
gogic state, a period of several min¬ 
utes when thoughts consist of frag¬ 
mented images or mini dramas. The 
hypnagogic state is followed by slow- 
wave sleep, so called because at that 
time the brain waves of the neocortex 
(the convoluted outer mantle of the 
brain) arc- low in frequency and large 
in amplitude. These signals are mea¬ 
sured as dectroencephalographic (EEG) 
recordings. 

Researchers also discovered that a 
night’s sleep is punctuated by periods 
in which the EEG readings are irregular 
in frequency and low in amplitude— 
similar to those observed in awake in¬ 
dividuals. These periods of mental ac¬ 
tivity are called REM sleep. Dreaming 
takes place solely during these peri¬ 
ods. Wilde in REM sleep, motor neu¬ 
rons are inhibited, preventing the body 
from moving freely but allowing ex¬ 
tremities to remain slightly active. Eyes 
move rapidly in unison under closed 
lids, breathing becomes irregular and 
heart rate increases. 

The first REM stage of the night fol¬ 
lows 90 minutes of slow-wave sleep 
and lasts for 10 minutes. The second 
and third REM periods follow short¬ 
er slow-wave sleep episodes but grow 
progressively longer themselves. The 


fourth and final REM interval lasts 20 
to 30 minutes and is followed by awak¬ 
ening. If a dream is remembered at all, 
it is most often the one that occurred 
in this last phase. 

This sleep cycle—alternating slow- 
wave and REM sleep—appears to be 
present in all placental and marsu¬ 
pial mammals. Mammals exhibit the 
various REM-assoc rated characteristics 
observed in humans, including EEG 
readings similar to those of the awake 
state. Animals also dream. By destroy¬ 
ing neurons in the brain stem that in¬ 
hibit movement during sleep, research¬ 
ers found that sleeping cats rose up 
and attacked or were startled by invis¬ 
ible objects—ostensibly images from 
dreams. 

By studying subprimate animals, sci¬ 
entists have discovered additional neu¬ 
rophysiological aspects of REM sleep. 
They determined that neural control of 
this stage of the sleep cycle is centered 
in the brain stem (the brain region clos¬ 
est to the spinal cord) and that during 
REM sleep neural signals called pon¬ 
tine-geniculate- occipital cortex (PGO) 
spikes—proceed from the brain stem 
to the center of visual processing, the 
visual cortex. Brain stem neurons also 
initiate a sinusoidal wave (one re¬ 
sembling a sine curve) in the hippo¬ 
campus, This brain signal is called the¬ 
ta rhytiim. 

At least one animal experiences slow- 
wave bui not REM sleep—and, conse¬ 
quently, does not exhibit theta rhythm 
when asleep. This animal is the echid¬ 
na, or spiny ant eater, an egg-laying 
mammal (called a monotreme) that 
provides some insight into the origin of 
dreaming. The absence of REM sleep In 
the echidna suggests that this stage of 
the sleep cycle evolved some 140 mil¬ 
lion years ago, when marsupials and 


JACOB'S LADDER, painted in 1973 by 
Marc Chagall, depicts a biblical story. Ja¬ 
cob dreams of angels ascending to and 
descending from heaven on a ladder. 
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placentals diverged from the mono- 
trcme line. (Monotremes were the first 
mammals to develop from reptiles.) 

By all evolutionary criteria, the per¬ 
petuation of a complex brain process 
such as REM sleep indicates that it 
serves an important function for the 
survival of mammalian species. Under¬ 
standing that function might reveal the 
meaning of dreams. 

W hen Freud wrote The Interpre¬ 
tation of Dreams, the physiol¬ 
ogy of sleep was unknown. In 
light of the discovery of REM sleep, cer¬ 
tain elements of his psychoanalytic 
theory were modified, and the stage 
was set for more neurologically based 
theories. Dreaming came to be un¬ 
derstood as part of a biologically de¬ 
termined sleep cycle. Yet the central 
concept of Freud's theory continues 
to be recognized—namely, the belief 
that dreams reveal our innermost un¬ 
conscious feelings and concerns—and 


continues to be used in psychoanalysis. 

Some theorists abandoned Freud al¬ 
together following the neurological dis¬ 
coveries. In 1977 J. Allan Hobson and 
Robert McCariey of Harvard Medical 
School proposed the “activahon-synthe¬ 
sis” hypothesis. They suggested that 
dreaming consists of associations and 
memories elicited from the forebrain 
(the neocortex and associated struc- 
tures) in response to random signals 
from the brain stem such as PGQ 
spikes. Dreams were merely the “best 
fit” the forebrain could provide to this 
random bombardment from the brain 
stem. Although dreams might at times 
have psychological content, they were 
Inherently meaningless. 

Hobson recently revised his theory, 
acknowledging the deep psychological 
significance of dreams. The sense, or 
plot, of dreams resulted from order 
that was imposed on the chaos of neu¬ 
ral signals, he said. “Thai order is a 
function of our own personal view of 


the world, our remote memories,” Hob¬ 
son wrote. In otiler words, the individ¬ 
ual's emotional vocabulary could be 
relevant to dreams. In a further revi¬ 
sion of the original hypothesis, Hobson 
also suggested that brain stem activa¬ 
tion may merely serve to switch from 
one dream episode to another. 

Although Hobson and McCariey had 
presented an explanation of dream con¬ 
tent, the basic function of REM sleep 
admittedly remained unknown. In 1983 
Francis Crick of the Salk Institute in La 
Jolla, Calif., and Graeme Mitchison of 
the University of Cambridge, England, 
proposed the idea of reverse learning. 
Working from the Hobson-McCarley as¬ 
sumption of random neocortical bom¬ 
bardment by EGO waves and their own 
knowledge of the behavior of stimulat¬ 
ed neural networks, they postulated 
that a complex associations! neural net¬ 
work such as the neocortex might be¬ 
come overloaded by vast amounts of 
incoming information. The neocortex 









ANATOMY of the brain and cross section of the hippocampus show some of the 
regions involved in dreaming. In the hippocampus, incoming information is pro¬ 
cessed sequentially in the dentate gyrus, the CA3 and the CA1 pyramidal cells. Jn 
subprimate species, theta rhythm is generated in the dentate gyrus and CA1 cells. 


could then develop false, or “parasitic," 
thoughts that would jeopardize the 
true and orderly storage of memory. 

According to Crick and Mftchison's 
hypothesis, REM sleep served to erase 
these spurious associations on a reg¬ 
ular basis. Random PGO waves im¬ 
pinged on the neocortex, resulting 
in erasure, or unlearning, of the false 
information. This process served an 
essential function: it allowed the or¬ 
derly processing of memory. In hu¬ 
mans, dreams were a running record of 
these parasitic thoughts—material to 
be purged from memory. 11 We dream to 
forget, 11 Crick and Mitchison wrote. 

The two researchers proposed a re¬ 
vision in 1986. Erasure of parasitic 
thoughts accounted only for bizarre 
dream content. Nothing could be said 
about dream narrative. Furthermore, 
dreaming to forget was better ex¬ 
pressed as dreaming to reduce fant asy 
or obsession. 


None of these hypotheses seems 
to explain adequately the function of 
dreaming. On the one hand, Freud's 
theory lacked physiological evidence 
(Although Freud had originally intend¬ 
ed to describe the neurology of the un¬ 
conscious and of dreams in his pro¬ 
posed “Project for a .Scientific Psycholo¬ 
gy," the undertaking was premature, 
and he limited himself to psychoanal¬ 
ysis.) On the other hand, despite re¬ 
visions to incorporate elements of 
psychology, later theories denied that 
dreams had meaning. 

E xploring the neuroscientific as¬ 
pects of REM sleep and of memo¬ 
ry processing seemed to me to 
hold the greatest potential for under¬ 
standing the meaning and function of 
dreams. The key to this research was 
theta rhythm. 

Theta rhythm was discovered in 1954 
in awake animals by John D. Green and 


Arnaldo A. Arduini of the University 
of California at Los Angeles* The re¬ 
searchers observed a regular sinusoidal 
signal of six cycles per second in the 
hippocampus of rabbits when the ani¬ 
mals were apprehensive of stimuli in 
their environment. They named the 
signal theta rhythm after a previously 
discovered EEG component of the same 
frequency. 

Theta rhythm was subsequently re¬ 
corded in the tree shrew, mole, rat and 
cat. Although it was consistently ob¬ 
served in awake animals, theta rhythm 
was correlated with very different be¬ 
haviors in each species. For example, 
in marked contrast to the rabbit, envi¬ 
ronmental stimuli did not induce the¬ 
ta rhythm in the rat. Rats demonstrat¬ 
ed theta rhythm only during move¬ 
ment, typically when they explored. In 
1969, however, Case H. Vanderwolf 
of the University of Western Ontario 
discovered there was one behavior dur¬ 
ing which die animals he studied, in¬ 
cluding ihe rat, showed theta rhythm: 
REM sleep* 

In 1972 I published a commentary 
pointing out that the different occur¬ 
rences of theta rhythm could be un¬ 
derstood in terms of animal behavior. 
Awake animals seemed to show theta 
rhythm when they were behaving in 
ways most crucial to their survival. In 
other words, theta rhythm appeared 
when they exhibited behavior that was 
not genetically encoded—such as feed¬ 
ing or sexual behavior—but rather a re¬ 
sponse to changing environmental in¬ 
formation. Predatory behavior in the 
cat, prey behavior in the rabbit, and ex¬ 
ploration in the rat are, respectively, 
most important to iheir survival. (For 
example, a hungry rat will explore be¬ 
fore it eats even if food is placed in 
front of it.) 

Furthermore, because the hippocam¬ 
pus is involved in memory processing, 
the presence of theta rhythm during 
REM sleep in that region of the brain 
might be related to that activity. I sug¬ 
gested that theta rhythm reflected a 
neural process whereby information es¬ 
sential to the survival of a species- 
gathered during the day—was repro¬ 
cessed into memory’ during REM sleep. 

Ln 1974, by recording signals from 
the hippocampus of freely moving 
rats and rabbits, 1 found the source 
from which theta rhythm was generat¬ 
ed in the hippocampus. Together with 
the neocortex, the hippocampus is be¬ 
lieved to provide the neural basis for 
memory storage. The hippocampus {the 
Greek word for “seahorse,* which it re¬ 
sembles in shape) is a sequential struc¬ 
ture composed of three types of neu¬ 
rons. Information from all sensory and 
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assodational areas of the neocortex 
converges in a region called the em 
torhinal cortex; from there it is trans¬ 
mitted to the three successive neuronal 
populations of the hippocampus. The 
signal arrives first at the granule cells 
of the dentate gyms, then at the CA3 
pyramidal cells (so called because of 
their triangular shape) and finally at the 
pyramidal cells of CAL After informa¬ 
tion is processed by this trio of cells, it 
is retransmitted to the entorhinal cor¬ 
tex and then back to the neocortex. 

My studies showed that theta rhythm 
was produced in two regions within the 
hippocampus: the dentate gyrus and 
the CA1 neurons. The rhythms in these 
two areas were synchronous. Subse¬ 
quently, Susan Mitchell and James B. 
Kanek, Jr M of the State University of 
New York Downstate Medical Center, 
identified a third synchronous gener¬ 
ator in the entorhinal cortex, and Rob¬ 
ert Verdes of Wayne State Universi¬ 
ty discovered the brain stem neurons 
that control theta rhythm. These neu¬ 
rons transmit signals to the septum (a 
forebrain structure) that activate the¬ 
ta rhythm in the hippocampus and 
the entorhinal cortex. Thus, the brain 
stem activates the hippocampus and 
the neocortex—the core memory sys¬ 
tem of the brain. 

To determine the relationship be¬ 
tween theta rhythm and memory 7 , I 
made a lesion in the rat septum. Rats 
that had previously learned, using spa¬ 
tial cues, to locate a particular position 
in a maze were no longer able to do so. 
Without theta rhythm, spatial memory 
was destroyed. 

Studies of the cellular changes that 
bring about memory illustrated the role 


of theta rhythm. In particular, the dis¬ 
covery of long-term potentiation (LTP) 
in 1973 showed the means by which 
memory might be encoded. Timothy V. 
P. Bliss and A. R. Gardner-Medwin of 
the National Institute of Medical Re¬ 
search in London and Terje Lome] of 
the University of Oslo found changes 
in nerve cells that had been intensely 
stimulated with electric pulses. 

Earlier studies had shown that if one 
stimulated the pathway from the en¬ 
torhinal cortex to the granule cells of 
the hippocampus, the response of these 
cells could be measured with a record¬ 
ing electrode. Using this technique, 
Bliss and his colleagues measured the 
normal response to a single electric 
pulse. Then they applied a long series 
of high-frequency signals—called tetan¬ 
ic pulses—to this pathway. After the 
train of tetanic stimuli, a single electric 
pulse caused much greater firing in the 
granule cells than had been observed 
prior to the experiment. The height¬ 
ened effect persisted for as long as 
three days. This phenomenon, termed 
LTP, was precisely the kind of increase 
in neuronal strength that could be ca¬ 
pable of sustaining memory. LTP is 
now considered a model for learning 
and memory. 

LTP is achieved by the activity of the 
NMDA (JV-methyl-D-aspartate) recep¬ 
tor. This molecule is embedded in the 
dendrites of the granule cells and the 
CA1 cells of the hippocampus as well 
as in neurons throughout the neocor¬ 
tex . Like other neuronal receptors, the 
NMDA receptor is activated by a neu¬ 
rotransmitter—glutamate in this case. 
Glutamate momentarily opens a non- 
NMDA channel in the granule cell den¬ 


drite, allowing sodium from the extra¬ 
cellular space to flow into the neuron. 
This influx causes the granule cell to 
become depolarized. If the depolar¬ 
ization is sufficient, the granule cell 
fires, transmitting information to other 
nerve cells. 

Unlike other neuronal receptors, 
NMDA possesses an additional proper¬ 
ty. If a further activation of glutamate 
occurs while the granule cell is depolar¬ 
ized, a second channel opens up, al¬ 
lowing an influx of calcium. Calcium 
is thought to act as a second messen¬ 
ger, initiating a cascade of intracellular 
events that culminates in long-lasting 
synaptic changes—or LTP. (The descrip¬ 
tion given here has been necessarily 
simplified. LTP is the subject of exten¬ 
sive ongoing investigation.) 

Because the tetanic impulse applied 
by Bliss and his colleagues did not oc¬ 
cur naturally in the brain, the question 
remained as to how LTP was achieved 
under normal circumstances. In 1986 
John Larson and Gary S. Lynch of the 
University of California at Irvine and 
Gregory Rose and Thomas V. Dunwid- 
die of the University of Colorado at 
Denver suggested that the occurrence 
of LTP in the hippocampus was linked 
to theta rhythm. They applied a small 
number of electric pulses to CA1 cells 
in the rat hippocampus and produced 
LTP, but only when the pulses were sep¬ 
arated by the normal time that elaps¬ 
es between two them waves—approxi¬ 
mately 200 milliseconds. Theta rhythm 
is apparently the natural means by 
which the NMDA receptor is activated 
in neurons in the hippocampus. 

Work in my laboratory at the Rocke¬ 
feller University duplicated Larson and 
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NMDA RECEPTOR activation induces long-term potentiation (LTP), a model for 
memory. The release of the neurotransminer glutamate {left panel) opens a non- 
NMDA receptor channel, allowing the influx of sodium, which depolarizes the neu¬ 
ron. If a further release of glutamate occurs while the cell is depolarized (center 
panel), the NMDA receptor opens a second channel, which allows calcium to flow 
in, leading to LTP, LIP occurs as a result of increased sodium through the non- 
NMDA channel (right panel) and the subsequent greater depolarization of the cell. 


Lynch's CAl findings, but this time in 
the hippocampal granule cells, Constan¬ 
tine Pavlides, Yoram j. Crccnsfcm and 1 
then demonstrated that LTP was de¬ 
pendent on the presence and phase of 
theta rhythm. If electric pulses were 
applied to the cells at the peak of the 
theta wave, LTP was induced. But if the 
same pulse was applied at the trough 
of the waves—or when theta rhythm 
was absent—LTP was not induced. 

A coherent picture of memory pro¬ 
cessing was emerging. As a rat ex¬ 
plores, for example, brain stem neu¬ 
rons activate theta rhythm. Olfactory 
input (which in the rat is synchronized 
with theta rhythm, as is the twitelling 
of whiskers) and other sensory infor¬ 
mation converge on the entorhinal cor¬ 


tex and the hippocampus. There they 
are partitioned into 200-millisecond 
"bites" by theta rhythm. The NMDA re¬ 
ceptors, acting tn conjunction with the¬ 
ta rhythm, allow for long-term storage 
of this information. 

A similar process occurs during REM 
sleep. Although there is no incoming 
informal ion or movement during REM 
sleep, the neocortical-hippocampal net¬ 
work is once again paced by theta 
rhythm. Theta rhythm might produce 
long-lasting changes in memory. 

The results of one of my further ex¬ 
periments served Lo show that spatial 
memory was indeed being stored in the 
rat hippocampus during sleep. John 
O'Keefe and J, Dostrovsky of the Uni¬ 
versity College in London had demon¬ 


strated that individual CAI neurons in 
the rat hippocampus fired when the 
awake animal moved to a particular 
location—namely, the neuron's place 
held. The implication of this finding 
was that the CAl neuron fired to map 
the environment, thereby committing 
it to memory’. 

In 1989 Pavlides and l located two 
CAl neurons in the rat hippocampus 
that had different place fields. We re¬ 
corded from both cells simultaneous¬ 
ly. After determining the normal firing 
rates in awake and asleep animals, we 
positioned a rat in the place field of one 
of the neurons. The neuron fired vigor¬ 
ously, mapping that location. The sec¬ 
ond cell fired only sporadically because 
it was not coding space. We continued 
recording from the two pairs of neu¬ 
rons as the rat moved about and then 
entered several sleep cycles. Six pairs 
of neurons were studied in this manner. 

We found that neurons that had cod¬ 
ed space fired at a normal rate as the 
animal moved about prior to sleep, in 
sleep, however, they fired at a signifi¬ 
cantly higher rate than their previous 
sleeping baseline. There was no such 
increase in firing rate during sleep in 
neurons that had not mapped space. 
This experiment suggested that the re¬ 
processing or strengthening of infor¬ 
mation encoded when the animal was 
awake occurred in sleep at the level of 
individual neurons. 

n vidence that theta rhythm encodes 

r~l memories during REM sleep may 
-LJbe derived not only from neuro¬ 
scientific studies but also from evolu¬ 
tion. The emergence of a neural mecha¬ 
nism to process memory in REM sleep 
suggests differences in brain anatomy 
between mammals that have that as¬ 
pect of the sleep cycle and those that 
do not. And in fact, such differences 
clearly exist between the echidna and 
the marsupials and placentals. 

The echidna has a large convoluted 
prefrontal cortex, larger in relation to 
the rest of the brain than that of any 
other mammal, even humans. I believe 
it needed this huge prefrontal cortex to 
perform a dual function: to react to in¬ 
coming information in an appropriate 
manner based on past experience and 
to evaluate and store new information 
to aid in future survival. Without theta 
rhythm during REM sleep, the echidna 
would not be able to process informa¬ 
tion while it slept. (The echidna does, 
however, show theta rhythm when for¬ 
aging for food.) For higher capabilities 
to develop, the prefrontal cortex would 
have to become increasingly large—be¬ 
yond the capacity of the skull—unless 
another brain mechanism evolved. 
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REM sleep could have provided this 
new mechanism, allowing memory pro¬ 
cessing to occur “off-line." Coincident 
with the apparent development of REM 
sleep in marsupial and placental mam¬ 
mals was a remarkable neuroanaiom- 
ical change: the prefrontal cortex was 
dramatically reduced in size. Far less 
prefrontal cortex was required to pro¬ 
cess information. That area of the brain 
could then develop to provide ad¬ 
vanced perceptual and cognitive abili¬ 
ties in higher species. 

The nature of REM sleep supports 
this evolutionary argument. During the 
day, animals gather information that 
involves locomotion and eye move¬ 
ment. The reprocessing of this infor¬ 
mation during REM sleep would not 
be easily separated from the locomo¬ 
tion related to the experience—such 
disassociation might be expecting too 
great a revision of brain circuitry. So to 
maintain steep, locomotion had to be 
suppressed by inhibiting motor neu¬ 
rons. Suppressing eye movement was 
unnecessary because this activity does 
not disturb sleep. 

Eye movement potentials, similar 
to PGO spikes, accompany rapid eye 
movement in the waking state and also 
during REM sleep. The function of these 
signals has not yet been established, 
but they may serve to alert the visual 
cortex to incoming information when 
the animal is awake and may reflect 
the reprocessing of this information 
during REM sleep. In any case, PGO 
spikes do not disturb sleep and do not 
have to be suppressed—unlike motor 
neurons. 

W ith the evolution of REM sleep, 
each species could process the 
information most important 
for its survival, such as the location of 
food or the means of predation or es¬ 
cape—those activities during which the¬ 


ta rhythm is present. In REM sleep this 
information may be accessed again and 
integrated with past experience to pro¬ 
vide an ongoing strategy for behavior. 

Although theta rhythm has not yet 
been demonstrated in primates, includ¬ 
ing humans, the brain signal provides a 
due to the origin of dreaming in hu¬ 
mans. Dreams may reflect a memory- 
processing mechanism inherited from 
lower species, in which information im¬ 
portant for survival is reprocessed dur¬ 
ing REM sleep. This information may 
constitute the core of the unconscious. 

Because animals do not possess lan¬ 
guage, the information they process 
during REM sleep is necessarily sen¬ 
sory. Consistent with our early mam¬ 
ma Ijan origins, dreams in humans are 
sensory, primarily visual. Dreams do 
not take the form of verbal narration. 

Also in keeping with the role REM 
sleep played in processing memories in 
animals, there is no functional necessity 
for this material to become conscious. 
Consciousness arose later in evolution 
in humans. But neither is there any rea¬ 
son for the material of dreams not to 
reach consciousness. Therefore, dreams 
can be remembered—most readily if 
awakening occurs during or shortly af¬ 
ter a REM sleep period. 

Consistent with evolution and evi¬ 
dence derived from neuroscience and 
reports of dreams, 1 suggest that 
dreams reflect an individual's strategy 
for survival. The subjects of dreams 
are broad-Tanging and complex, incor¬ 
porating self-image, fears, insecurities, 
strengths, grandiose ideas, sexual ori¬ 
entation, desire, jealousy and love. 

Dreams dearly have a deep psycho¬ 
logical core. This observation has been 
reported by psychoanalysts since Freud 
and is strikingly illustrated by the work 
of Rosalind Cartwright of Rush-Presby- 
terian-St. Luke's Hospital in Chicago. 
Cartwright is studying a series of 90 


subjects who are undergoing marital 
separation and divorce. All the subjects 
are clinically evaluated and psychologi¬ 
cally tested to ascertain their attitudes 
and responses to their personal crisis. 
Cartwright’s subjects are also awak¬ 
ened from REM sleep to report their 
dreams, which are then interpreted by 
the subjects themselves without ques¬ 
tions that might influence their inter¬ 
pretation. In the 70 individuals studied 
to date, the dream content conveys the 
person's unconscious thoughts and is 
strongly correlated with the manner in 
which he or she is coping with the cri¬ 
sis in the waking world. 

Although the topic “chosen" for con¬ 
sideration during a night’s sleep is un¬ 
predictable, certain of life’s difficul¬ 
ties—as in the case of Cartwright’s sub¬ 
jects—so engage psychological survival 
that they are selected for REM sleep 
processing. In the ordinary course of 
events, depending on the individual’s 
personality, the themes of dreams may 
be freewheeling. Moreover, when joined 
with the intricate associations that 
are an intrinsic part of REM sleep pro¬ 
cessing, the dream's statement may be 
obscure. 

Nevertheless, there is every reason to 
believe that the cognitive process tak¬ 
ing place in Cartwright’s subjects oc¬ 
curs in every individual. Interpretation 
of the coherent statement that is being 
made depends on the individual’s trac¬ 
ing of relevant or similar events, these 
associations are strongly biased toward 
early childhood experience. 

M y hypothesis also offers an ex¬ 
planation for the large amount 
of REM sleep in infants and 
children. Newborns spend eight hours 
a day in REM sleep. The sleep cycle is 
disorganized at this age. Sleep occurs 
in 50- to 60-minute bouts and begins 
with REM rather than with slow-wave 
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LIT in the granule cells of the hippocampus is achieved by 200 milliseconds (the time between the peaks of two theta 
theta rhythm. Electric pulses, which have been separated by waves), apphed at the peak of theta rhythm result in LTP. 
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EVOLUTIONARY TREE shows the divergence of placentals and marsupials from 
monotremes. The echidna, which does not possess REM sleep, has a larger pre¬ 
frontal cortex compared with the rest of its brain than does any mammal, even hu 
mans. It is larger than in similarly sized animals, including the opossum and cat. 



sleep. By the age of two, REM sleep is 
reduced to three hours a day, and the 
adult pattern has been established. 
Thereafter, the time spent in REM sleep 
gradually diminishes to a little less 
than two hours. 

REM sleep rnay perform a special 
function in infants. A leading theory 
proposes that it stimulates nerve 
growth. Whatever the purpose in in¬ 
fants may be, 1 suggest that at about 
the age of tw o, when the hippocampus, 
which is still in the process of devel¬ 
opment at birth, becomes functional, 
REM sleep takes on its interpretive 
memory function. The waking infor¬ 
mation to be integrated at this point in 
development constitutes the basic cog¬ 
nitive substrate for memory—the con¬ 
cept of the real world against which lat¬ 
er experiences must be compared and 
interpreted. The organization in mem¬ 
ory of this extensive infrastructure re¬ 


quires the additional REM sleep time. 

For reasons he could not possibly 
have known, Freud set forth a pro¬ 
found truth in his work. There is an 
unconscious, and dreams are indeed 
the “royal road" to its understanding. 
However, the characteristics of the un¬ 
conscious and associated processes of 
brain functioning are very different 
than Freud thought. Rather than being 
a cauldron of untamed passions and 
destructive wishes, 1 propose that the 
unconscious is a cohesive, continual¬ 
ly active mental structure that takes 
note of life’s experiences and reacts ac¬ 
cording to its own scheme of interpre¬ 
tation. Dreams are not disguised as a 
consequence of repression. Their un¬ 
usual character is a result of the com¬ 
plex associations that are culled from 
memory. 

Research on REM sleep suggests 
that there is a biologically relevant 


reason for dreaming. The revised ver¬ 
sion of the Hobson-McCarley activa¬ 
tion- synthesis hypothesis aknowledges 
the deep psychological core of dreams. 
In its present truncated form, the hy¬ 
pothesis of random brain stem acti¬ 
vation has little explanatory or predic¬ 
tive power. 

The Crick-Mitchison hypothesis pro¬ 
vides a function for REM sleep—re¬ 
verse learning—but it does not apply 
to narrative, only to the bizarre de¬ 
ments of the dream. What this implies 
with regard to REM processing in low 7 - 
er species must be defined before the 
theory can be evaluated further. In ad¬ 
dition, the Crick-Mitchison hypothesis 
as applied to the hippocampus would 
suggest that neurons fire randomly 
during REM sleep, providing reverse 
learning. Instead, in my experiment on 
the neurons that coded space, these 
neurons fired selectively, implying an 
orderly processing of memory . 

Further study will continue to eluci¬ 
date the meaning of dreams. In partic¬ 
ular, an experiment is needed to deter¬ 
mine whether eliminating theta rhythm 
during REM sleep alone results in a 
memory deficit. Because theta rhythm 
has not been demonstrated in primates, 
it may have disappeared as vision re¬ 
placed olfaction as the dominant sense. 
An equivalent neural mechanism may 
exist in the hippocampus that peri¬ 
odically activates the NMD A receptor. 
These studies and others to come will 
probe fundamental aspects of memory 7 
processing and rhe neuroscientific ba¬ 
sis of human psychological structure. 
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SCIENCE/SCOPE 


A lightweight laser-illumination warning system may soon aid combat crews in avoiding laser- 
supported weaponry. The system, developed by Hughes Aircraft Company, is designed to provide 
tactical aircraft, combat vehicles and ships with data on a threat laser's bearing, pulse rate, width and 
intensity. The sensor provides a 190-degree azimuth and 110-degree elevation field of view. The 
warning unit weighs less than two pounds and has been successfully flight tested aboard an F-4 and 
A-7D aircraft. 

Military aircraft may stand a better chance of avoiding detection as a result of technology being 
developed by Hughes for the U.S. Navy. By combining an infrared sensor and a carbon dioxide 
laser rangefinder through a single aperture. Navy aircraft may be able to accurately locate targets 
without emitting signals or energy that could trigger enemy detection and countermeasures. The 
infrared sensors will locate targets passively, by detecting heat difference between objects and their 
backgrounds, while the laser will provide accurate range information over great distances and 
reduce the sensor’s false alarm rate. 

A new onboard signal processing chip can increase the efficiency of communications satellites. The 

Hughes-designed very large scale integrated (VLSI) circuit will allow satellites to sort and arrange 
simultaneously received signals and retransmit them in a single “downlink.” Normally, a satellite 
returns signals to Earth in multiple downlinks, in the same configuration as the signals are received. 
This splits the satellite’s power among the various transmissions and requires a large ground station. 

A single downlink enables the use of small, simplified ground stations. Without these new VLSI 
circuits, the electronics to perform these functions would be the size of a filing cabinet. 

New applications of gallium arsenide technology will improve the performance of satellite 

communications receivers. Hughes is developing a new technology, called high electron mobility 
transistors (HEMT), for the next generation of advanced space communication equipment. HEMT 
devices are built on an indium phosphide substrate with alternating layers of aluminum indium 
arsenide and gallium indium arsenide. Laboratory tests indicate a factor of 15 improvement in the 
sensitivity of receivers using this new technology. Improved sensitivity will reduce the size of 
receiving antennas required by communications satellites, lowering their weight and their 
manufacturing and launch costs. 

Three-quarters of a billion dollars are on the wav. And in 1990, Hughes Aircraft Company’s Ground 
Systems Group is anticipating many more new contracts, in Air Traffic Control (ATC), Air Defense, 
and the commerical sector. These new programs have created excellent career opportunities for 
experienced and motivated individuals in systems engineering, software engineering, and test 
engineering. Appropriate background is preferred in some positions. For immediate consideration, 
please send your resume to Hughes Aircraft Company, Ground Systems Group, Dept. 1343-T, PO Box 
4275, Fullerton, CA 91634. Equal Opportunity Employer. Proof of U.S. citizenship may be required. 


For more information write to: P.O, Box 45068, Los Angeles, CA 30045-0068 
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Weedkillers needn’t 



ladykill ers. 


As any conservationist will tell you, weeds aren't 
the only things that weedkillers kill. 

Because more often than not, weedkillers are made 
of a concentrate which has to be mixed with water. 
And the resulting mixture has a nasty habit of getting 
washed into lakes and streams. 

Or being blown off target onto innocent victims 
like birds and insects* 

The sad result is a lot of dead wildlife, much of which 
would have done a great deal to improve the environment* 

Ladybirds for example are a major consumer of 
aphids throughout the world. 

For literally millions of harmless living things there¬ 
fore, a new oil which BP has developed is a lifesaver. 

Added to existing products at formulation stage, it 
ensures that weedkillers can be sprayed more accurately. 
And it makes certain that once sprayed, they stick only 
to the intended victim. 

Which means that the ladybird can go on ridding 
us of aphids in exactly the way that nature intended. 

Whilst weedkillers will only destroy the things they 
were designed to destroy. 

Helping to conserve nature is one of the things 
BP is doing today, for all our tomorrows. 



For all our tomorrows. 










Knot Theory 
and Statistical Mechanics 

Mathematical theories developed 
for quantum physics forge a connection 
between these two disparate fields 

by Vaughan K R. Jones 


I n 1984 I stumbled on a set of tech¬ 
niques that linked two of the most 
apparently disparate fields in math¬ 
ematics and physics: knot theory and 
statistical mechanics. Statistical me¬ 
chanics involves the study of systems 
with an extremely large number of 
component parts. Small systems are 
largely irrelevant. In knot theory, mean¬ 
while, even the smelliest knots and links 
may have subtle properties. 
Nevertheless, certain algebraic rela¬ 
tions used to solve models in statis¬ 
tical mechanics were key to describ¬ 
ing a mathematical property of knots 
known as a polynomial invariant. This 
connection, tenuous at first, has since 
developed into a significant flow of 
ideas. The appearance of such common 
ground is not atypical of recent devel¬ 
opments in mathematics and phys¬ 
ics—ideas from different fields interact 
and produce unexpected results. 

Indeed, the discovery of the connec¬ 
tion between knots and statistical me¬ 
chanics passed through a theory 7 inti¬ 
mately related to the mathematical 
structure of quantum physics. This the¬ 
ory, called von Neumann algebras, is 
distinguished by the idea of continu¬ 
ous dimensionality. Spaces typically 
have dimensions that are natural num¬ 
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bers, such as 2, 3 or i l t but in von Neu¬ 
mann algebras dimensions such as V2 
or nare equally possible. This possibil¬ 
ity for continuous dimension played a 
key role in joining knot theory 7 and sta¬ 
tistical mechanics. 

In another direction, the knot invar¬ 
iants were soon found to occur in 
quantum field theory. Indeed, Edward 
Witten of the Institute for Advanced 
Study in Princeton, N.J., has shown 
that “topological” quantum field theo¬ 
ry 7 provides a natural w F ay of expressing 
the new ideas about knots. This ad¬ 
vance, in turn, has allowed a beautiful 
generalization about the invariants of 
knots in more complicated three-di¬ 
mensional spaces known as three-man¬ 
ifolds, in which space itself may con¬ 
tain holes and loops. 

The new knot theory' has already 
been of use in another, entirely unrelat¬ 
ed domain. Molecular biologists have 
established that the double helices of 
DNA become knotted and linked in the 
course of biological processes such as 
recombination and replication. The un¬ 
tying mechanisms used in cells bear an 
uncanny resemblance to the simplest 
mathematical method for generating 
the new 7 polynomial invariants. 

K nots have been used for both 
practical and decorative purpos¬ 
es since time immemorial. Sailors 
have developed elaborate knots—some¬ 
times with equally elaborate names—to 
serve their purposes. Mathematicians 
first became interested in knots only in 
the 19th century. Lord Kelvin, for ex¬ 
ample, attempted to deduce the struc¬ 
ture of the periodic table of ihe ele¬ 
ments by assuming that atoms were 
actually knotted vortices in the “ether.” 
( Although the work proved unsuccess¬ 
ful, it did inspire Peter G. Tail to create 
the first knot tables, listing knots by 
some order of complexity.) 


Since then, knot theory has become 
a fruitful branch of mathematics. One 
of the beauties of the discipline is that 
the main objects of study are so famil¬ 
iar: just take some string and join it at 
both ends. This serves as a perfectly 
adequate model for the “smooth non- 
self-intersecting closed curv e” used by 
the mathematician. A more general ver¬ 
sion of a knot, called a link, may con¬ 
sist of more than one loop. Two knots 
or links are the same if they can be 
made to look exactly alike by push¬ 
ing and pulling the string but not cut¬ 
ting it. 

C onsider a simple loop of string ly¬ 
ing on a flat surface. Two impor¬ 
tant features of knot theory 7 are 
immediately apparent. First, knots can 
be described by two-dimensional (pla¬ 
nar) diagrams. Second, it is very 7 diffi¬ 
cult to distinguish two knots. It is not 
obvious that any two knots are differ¬ 
ent nor indeed that a loop of string is 
knotted at all. To prove such an asser¬ 
tion requires considering all possible 
three-dimensional deformations of the 
knot. Finding mathematical methods 
for distinguishing among knots—and 
distinguishing knots from unknotted 
loops—lias become one of the major 
problems of knot theory. 

In the 1920s Kurt Reidcmeister sim¬ 
plified the study of knots consider¬ 
ably by introducing a small collection 
of two-dimensional “moves” on knot 
diagrams. These moves do not change 
the knot, and any tw 7 o diagrams of 
the same knot can be converted into 
each other by a sequence of moves. Al¬ 
though the Reidemeisier moves reduce 
the equivalence problem to two dimen¬ 
sions, the moves may be applied in an 
infinite number of ways, and so the is¬ 
sue is by no means resolved. 

The oldest and most successful tech¬ 
niques of knot theory bypass two-di- 
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mensional diagrams and Reidemeister 
moves, at least in theory, and employ 
topological transformations instead. 
These techniques start by deleting the 
knot from ordinary three-dimensional 
space to obtain a so-called knot com¬ 
plement; the complement is then de¬ 
formed in an arbitrary smooth fashion. 
i The topology of the complement sup¬ 

plies what are called invariants of the 
knot, namely, mathematical expres¬ 
sions that depend only on the knot, not 
} on any particular picture of it [see 11 The 

Theory of Knots/ 1 by Lee Neuwirth; Sci¬ 
entific American, June, 1979J. 

The most famous invariant is the 
Alexander polynomial, discovered by 
the American mathematician James W. 
Alexander in 1928. The polynomial, 
written Ajt(t), is constructed according 
to the numbers of different kinds of 
crossing in a knot diagram. A simple 
trefoil knot, for example, has A A (f) = 
f-l-l/r. Differently deformed ver¬ 
sions of the same knot have the same 
Alexander polynomial; knots with dif¬ 
ferent polynomials are different. Yet 
two knots with the same A are not nec¬ 
essarily equivalent. The Alexander poly¬ 
nomial does not distinguish, for exam¬ 
ple, between the square knot and the 
granny knot. Theorists have developed 
additional invariants during the past 
f 60 years, but many knot problems re¬ 

main unsolved. 

I t was a warm spring morning in 
May, 1984, when I took the uptown 
subway to Columbia University to 
meet with Joan S. Birman, a specialist 
in the theory of “braids" (which may be 
thought of as rather special kinds of 
knots). In my work on von Neumann al¬ 
gebras, I had been astonished to dis¬ 
cover expressions that bore a strong 
resemblance to the algebraic expres¬ 
sion of certain topological relations 
among braids. 1 was hoping that the 
techniques 1 had been using would 
prove valuable in knot theory. Maybe 


KNOTS AND LINKS range from the sim¬ 
ple to the inordinately complex. (The 
knot at the top is based on an illustra¬ 
tion in the eighth-century Irish Book of 
Kells.) The left- and right-hand trefoils 
are the simplest knotted curves. Before 
the discovery of the Jones polynomi¬ 
al, the two were not readily mathemat¬ 
ically distinguishable; neither were the 
square knot and the granny knot. The 
Hopf link is the simplest figure with 
two linked loops; the loops of the 
Whitehead link are not linked, although 
they cannot be disentangled. The Bor- 
romean rings also display unusual be¬ 
havior: all three loops arc linked, but 
cutting any one unlinks the other two. 



GRANNY KNOT 


SQUARE KNOT 


HOPF LINK 


WHITEHEAD LINK 


RIGHT-HANDED 
TREFOIL KNOT 


BORROMEAN RINGS 
















THE MOVES AFFECT ONLY THE PART OF THE DIAGRAM THAT FIGURES IN THE 
PICTURE. THE PICTURES BELOW DIFFER BY A TYPE II REIDEMEISTER MOVE. 



REIDEMEISTER MOVES simplify the analysis of knots. Two knots are the same if 
and only if their diagrams can be made identical by some combination of moves. 


I could even deduce some new facts 
about the Alexander polynomial. 

I went home somewhat depressed 
after a long day of discussions with 
Birman. It did not seem that my ideas 
were at ail relevant to the Alexander 
polynomial or to anything else in knot 
theory. 

But one night the following week 
I found myself sitting up in bed and 
running off to do a few calculations. 
Success came with a much simpler 
approach than the one that l had been 
trying. I realized I had generated a 
polynomial invariant of knots. Most 
likely it was just the Alexander polyno¬ 
mial in a new form, although this con¬ 
nection by itself would have been ex¬ 
tremely interesting for statistical me¬ 
chanics. Or it could have been a new 
polynomial—an unexpected develop¬ 
ment for knot theory . It was a rare no- 
lose situation. 

The second possibility turned out to 
be correct. I called this new invariant of 
links V(t) and soon realized It did bear 
some superficial resemblance to the 
Alexander polynomial. Both Vit) and 
A(f) can be calculated according to the 
skein relation {see box on opposite page] 
invented by the British mathematician 
John 11orton Conway. 

The similarity between V(t) and A(t) 
prompted several groups to develop 
a two-variable polynomial, now called 
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the homfly (the acronym is derived 
front the initials of six of the eight peo¬ 
ple who discovered it), which contains 
the information of both A and V, and 
more. Here, however, the similarity 
between V and A ends. All attempts 
to interpret V in the same topological 
framework as A have failed. Further¬ 
more, it is still not known whether 
there exists a nontrivial knot whose A 
is the same as that of an unknotted 
loop. In contrast, knots whose .Alexan¬ 
der polynomial is equal to 1 (as is the 
Alexander polynomial of a simple loop) 
were discovered in 1934. 

T hus far there seems to be no hint 
of how knot theory might be 
linked to statistical mechanics. 
The connection is not at the surface; 
it requires some explanation of what 
statistical mechanics is and whai it is 
good for. That, in turn, requires start¬ 
ing from classical mechanics. 

in classical mechanics a system of 
particles can be specified by giving the 
position and momentum of each parti¬ 
cle at a certain time. The whole future 
evolution of the system is then deter¬ 
mined by physical laws. But because a 
gram of hydrogen gas contains about 
3 x 10 23 molecules, it would be unrea¬ 
sonable to try to specify ail the posi¬ 
tions and momenta of the gas parti¬ 
cles, Moreover, the change in the sys¬ 


tem that results from removing a few 
molecules would be completely unno- 
ticcable to any observer apprehending 
the whole system. 

The only quantities that are of inter¬ 
est to statistical mechanics are those 
that are insensitive to microscopic 
changes—for example, the average en¬ 
ergy (temperature) of an ensemble of 
molecules. If one imagines a large sys¬ 
tem built by the addition of one atom 
at a time, those quantities will have a 
definite limit as the size of the system 
tends to infinity. 

Innocent though it may sound, con¬ 
sideration of aggregate behavior creates 
some puzzles. One of the most obvious 
is irreversibility. The law r s of motion do 
not change if the direction of time is re¬ 
versed. For example, an elastic collision 
between a ball and an obstacle looks 
the same whether time runs forward or 
backward. And yet consider a system 
of balls bouncing around without fric¬ 
tion on a rectangular table, constrained 
by a wall in one half of ihe table. If the 
wail is removed the balls will rapidly 
spread out over the entire table and 
will never conspire to go back into the 
half from which they started. The sim¬ 
ple fact that a system contains a large 
number of particles seems to give time 
a definite direction. 

Another surprise of large systems is 
the existence of phase transitions. Ice 
melts and water boils. Quantities such 
as pressure, which can be defined for 
small systems as smooth functions of 
the parameters, exhibit spontaneous 
jumps. Just considering systems con¬ 
taining many particles makes these 
smooth functions discontinuous. 

Phase transitions exhibit interesting 
qualitative behavior, and so, to under¬ 
stand them, physicists have developed 
abstractly defined systems—models— 
for which macroscopic quantities such 
as pressure or heat capacity can be cal¬ 
culated explicitly as functions of pa¬ 
rameters such as temperature. 

Even in simple cases, the macroscop¬ 
ic quantities are very difficult to cal¬ 
culate. Consequently, models tend to 
eschew detailed realism. The simplest 
model is the Ising model, solvable in 
two dimensions, which consists of a 
system of “spins" arrayed in some 
regular pattern. (The spins are pure¬ 
ly mathematical quantities; they do 
not necessarily have intrinsic physical 
meaning.) Each spin interacts only with 
its nearest neighbors. A “state 11 of the 
system is defined by giving a value of 
+1 or -1 to each of the spins. The ener¬ 
gy' of a state Is characterized as the 
sum of energies resulting from interac¬ 
tions between nearest neighbors. 

Many quantities of interest for large 
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Knot invariants are mathematical expressions that 
describe certain properties of knots. They derive 
their name from the fact that they do not change 
depending on the way that the underlying knot is 
pushed, pulled or twisted. The path from a loop of 
string to an equation in powers of t is a complex one, 
however. How does one determine an invariant, for 
example, the Alexander or Jones polynomial, of a 
given knot? The simplest method is the skein rela¬ 
tion invented by British mathematician John Horton 
Conway. {As a schoolboy, Conway was trying to 
write a computer program to calculate the Alex¬ 
ander polynomial but found that the skein rela¬ 
tion worked so well that he did not need a pro¬ 
gram.) Another technique, the Kauffman “states 
model," is notable for its elegance and the begin¬ 
nings of a connection to statistical mechanics. 


The skein relation yields V L in terms of V H : 

(1 / r)V L - t = Cl/T- 1 ) V H 

To calculate V H , one constructs another set of links: 



L + (a Hopf link) L_{two loops) L 0 (unknotted) 

Applying the skein relation to this set yields 
(l/f)V H + f(VT +1/^7) = (VT- l/y-f ) 




THE SKEIN RELATION 

The skein relation starts with three oriented finks (knotlike 
structures that can contain more than one loop) that are 
identical except in the region of one crossing. 



L+ i— L 0 

At that crossing, the links differ as above. The skein relation 
states that 

(i/f)v L+ -tv L . = (VT- i/vT > v Lo 

In addition, V and A of an unknotted loop are normalized 
to 1. These two facts make it possible to calculate these two 
invariants for any fink. 

The simplest nontrivial calcu¬ 
lation is V of two unknotted 
loops. 


This link has only one region where a crossing might be pos¬ 
sible, and the three corresponding finks in the skein 
relation are 



U U 1— 


L+ and L_ are both unknotted, so their polynomials are equal 
to L Thus, the skein relation reduces to 



l/r-t = (VT- I/77 )V Lo 


Dividing both sides by (VT - 1 /^~J ) yields 

vlo— tim+'/v7> 


The process is a little more difficult for a more complex link 
such as a trefoil. Once again one constructs a set of links 
that differ only at a single crossing. 



L+ (the trefoil) L- (unknotted) 



L i> (a Hopf link) 


and ultimately V H - -VT (1 + t 2 ) 

Substituting this value back into the skein relation for the 
trefoil yields 

v L = r + t 3 -t 4 


THE STATES MODEL 

Kauffman's states model works by eliminating all the cross¬ 
ings in a link, replacing the link with disconnected circles. 
Each crossing may be in one of two states, which determines 
how it will be eliminated; each possible combination of 
crossing states determines a state of the link as a whole. 



Kauffman then defines the "bracket polynomial" for a link as 
a sum over all states of the link. 

<L> = 2 <S|L> {-A 2 -A ' 2 ) 11511 f 
S 

(<$]L> denotes the product of all the A's and 1 /As at the 
crossings, and i|S[| is the number of circles in the resulting 
diagram.) 

For example, the bracket polynomial of the Hopf link is 
{-A 4 —A- 4 ). 

The following states are possible: 



1151 ! 2 112 

A 2 (-A 2 -A 2 ) +1+1 + A~ 2 (-A 2 - A~ 2 ) = -A 4 -A -4 

To obtain V(t) from the bracket polynomial, one simply sets 
A 4 = t and multiplies the bracket polynomial by an appropriate 
power of A: 

-A 4 -A^= A“ 6 ( -A 2 (1 +A 8 )) = A“ 6 (-V <1 + t 2 )) = A 6 V H (t) 




The connection between these two apparently disparate domains—one 
dealing with large aggregates of particles whose individual behavior Is very 
simple, the other mostly with small systems that display subtle traits—Is 
easiest to trace from the side of statistical mechanics, to mimic such natural 
phenomena as melting or boiling, physicists have turned to spin models: 
simplified aggregates defined on lattices of points. Each point has a particular 
"spin" and interacts with its nearest neighbor according to an energy function 
that depends on the two spins. A model's "partition function 11 is 


J. e -EfSTATE )/ kl 

STATES 


(k Is Boltzmann's constant) 


The star-triangle relation, which holds only for certain kinds of spin 
models (the ising model and the Q-state Potts model among them), asserts 
that the partition functions of spin models defined on the two different 
graphs below are proportional to each other. 




e -(E(A P B) + E(A r C) + E(B r Q)4 T = e -(E(A ( D) + E(B,D) + E(C,D))/ fcT 

D 

This is also true for so-called vertex models, in which spins are assigned to 
each edge of a graph and the energy is calculated according to the four spins 
that meet at a vertex. The star-triangle relation for a vertex model Is ex¬ 
pressed by the Yang-Baxter equation: 



X / 'R 

E(A f B|X,Y) + E(R,S|B,Q + E(Y,2 |S t T) 



I e 

ESV 


k T 


} = 2 

BSY 


X / ' R 

E(A,B|5,T) + E(X,Y|R,S) + E(B t C|Y,Z) 
kJ 


systems can be derived from the so- 
called partition function, Z, which is 
defined as the sum over all states of 
the exponential of the negative of the 
energy of the state. The Ising model 
can have a huge number of States, and 
so calculating this sum is the source of 
the problems encountered in solving a 
model. Even computer calculations are 
limited to small lattices. Nevertheless, 
various ingenious mathematical tech¬ 
niques have been devised. The Nor¬ 
wegian mathematician Lars Onsager 
solved the two-dimensional square-lat¬ 
tice Ising model in 1944; his pioneer¬ 
ing formula showed the existence of a 
phase transition in the model, 

One of the important products of 
Onsager’s work was known as the star- 
triangle relation. For an Ising model 
defined on a particular pair of graphs, 
the star-triangle relation states that the 
partition functions must differ only by 
a proportionality constant if the values 
of the spins at the edges of the graphs 
are fixed [see box at right]. The name of 
the relation comes from the fact that 
one graph is triangular and the other is 
star-shaped. 

Rodney j. Baxter of the Australian 
National University lias worked out a 
solution of the Ising model based en¬ 
tirely on the consequences of this rela¬ 
tion, One wonderful feature of Baxter's 
method is that it lends itself to gener¬ 
alizations. The Ising model can be gen¬ 
eralized by allowing the spins at a site 
to take on values other than just +1 
or -I. Such a model is called a spin 
model, and it is defined by the set of 
energies corresponding to interactions 
between neighboring sites for all possi¬ 
ble spin values. 

In general, spin models do not satis¬ 
fy the star-triangle relation. To apply 
Baxter's work, one must find sets of in¬ 
teraction energies that satisfy the star- 
triangle equations and solve the mod¬ 
els defined by those sets of energies. 
The simplest solution is the so-called 
self-dual Q-state Potts model. This 
model allows for Q possible spins (in¬ 
stead of the two permitted by the Ising 
model), and neighbors interact only if 
their spins are the same, {This model 
was first solved, although by another 
method, by Neville Temperiey, then at 
the University of Swansea-Wales, and 
Elliott 11. Lieb of Princeton University,) 

W hat can be the connection be¬ 
tween knot theory and the 
statistical mechanical models? 
The first step in making the connection 
is to shade the regions of a link dia¬ 
gram (the drawing of a knot) like a 
checkerboard. One can extract a graph 
by taking the shaded regions as ver¬ 


tices and the crossings as edges. The 
edges can then be given signs accord¬ 
ing to the relative orientation between 
the crossing and the checkerboard pat¬ 
tern. (The box above shows the entire 
procedure.) A type III Reidemeister 
move on the diagram immediately pro¬ 
duces the star-triangle relation! 

The move that leaves a knot unal¬ 
tered leaves the partition function of 
an Ising model (for example) derived 
from the knot diagram essentially unal¬ 
tered as well. I Ills observation makes it 
quite natural to examine partition func¬ 
tions of spin models defined on the 
graph obtained from the checkerboard 
shading of a link lo find out if they also 
describe invariants of links. 

The partition function depends sim¬ 
ply on the sum over all states of the 
spin model's energy function. That is, 
each state defines the spins of all the 
vertices in the graph and thus the ener¬ 
gy of the interactions between them. 
To calculate the partition function, one 
assigns to each edge in the graph the 
exponential of the interaction energy 
of the vertices that the edge connects. 
The process is Lhen repealed lor all 


possible states. (To take the signs of 
the crossings into account, one must 
postulate two energy functions for the 
interaction between adjacent vertices, 
one positive and one negative.) 

Now the question is T What condi¬ 
tions do the two energy functions have 
to satisfy for the partition function to 
be a link invariant? (This means that 
the value of the partition function 
should not change if 1 a Reidemeister 
move is applied to the underlying dia¬ 
gram.) The best answcF is a return to 
statistical mechanics: the energy func¬ 
tions of models that satisfy the star-tri¬ 
angle relation (and other relations cor¬ 
responding to the other Reidemeister 
moves) will yield partition functions 
that are also invariants of links. The 
[sing model, for instance, yields an in¬ 
variant knowTi to knot theorists as Lhe 
Arf or Kervaire invariant. 

More significant , the Q-state Potts 
model yields an invariant for each Q, 
the number of spins allowed. In fact, 
it is the polynomial V (f). Q and f are 
related by the equation Q=2+r+f _1 . 
(Tills can be verified easily by checking 
the skein relation.) 
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KNOTS TO GRAPHS 

To get from spin models and statistical mechanics to knot theory requires 
turning knots into graphs. First, shade the knot (or Jink) like a checkerboard: 



To extract a graph, take the dark regions as vertices and the crossings 
between them as edges. Label the edges as positive or negative according 
to the relative orientation of the crossing and the dark regions: 



A type 111 Reidemeister move applied to a knot graph immediately 
yields the star-triangle relation: 



This checkerboard trick has indeed 
established a connection between sta- 
tistical mechanics and knot theory— 
but by a method that is quite bizarre. 
The star-triangle relation appeared in 
statistical mechanics as a method for 
solving models. In knot theory it ap¬ 
peared as a requirement for topological 
invariance. These two reasons might 
seem totally unrelated, and the con¬ 
nection might seem fortuitous were it 
not for its pervasiveness. 

S pin models other than the Ising 
and Potts models yield other knot 
invariants used by mathemati¬ 
cians. Moreover, other kinds of models 
are even more powerful From the point 
of view of knot invariants. Vertex mod¬ 
els, for instance, have spins sitting on 
the edges of the graph and energies 
coming from the vertices. It is possible, 
through the use of vertex models and 
die felicitously named quantum groups 
(systems of symmetries more elaborate 
than the geometric symmetries of ordi¬ 
nary space), to construct hosts of poly¬ 
nomial invariants—enough to deter¬ 
mine the whole two-variable homfly 


polynomial and another two-variable 
polynomial, the Kauffman polynomial. 

Thus, although it is mysterious, the 
evidence for a connection between 
knot theory and statistical mechan¬ 
ics is substantial. Most of the hope for 
a better understanding of this corre¬ 
spondence centers around field theo¬ 
ry, a mathematical view of the world 
in which every point of space carries 
a variable. (For instance, in a moving 
fluid the velocity of the fluid is a field 
with a vector at each point indicating 
the velocity.) 

A powerful approach to field theo¬ 
ry is to construct the field as a limit 
of fields defined on a discrete lattice 
whose spacing is made to approach 
zero, in this way, statistical mechanical 
models such as the Ising model also 
have application to field theory. In¬ 
deed, a careful look at the mathemat¬ 
ics involved shows that the continuum 
limit of the two-dimensional Ising mod¬ 
el is a one-dimensional quantum field 
theory'. (Quantum field theories are 
field theories whose variables are oper¬ 
ators on quantum states rather than 
classical ones.) 


Some mathematicians and physicists 
have attempted to explain the knot the¬ 
oretical nature of the statistical me^ 
chanieal model by looking at its behav¬ 
ior in the continuum limit. Although 
their hopes for a solution have not yet 
been fulfilled, Witten has shown that 
the language of quantum field theory 
does at least provide a framework for 
defining the knot invariants described 
in this article. 

It is significant that Witten’s work 
shows that the invariants must exist 
in any three-dimensional space. There 
are many three-dimensional spaces, 
called three-manifolds, in addition to 
the familiar one that we live in [sec 
" The Mathematics of Three-Dimension¬ 
al Manifolds,” by Jeffrey R. Weeks and 
William P. Thurston; Scientific Amer¬ 
ican, July, 1984]. The three-torus, for 
example, is constructed by stretching a 
cube and “gluing together" its top and 
bottom, left and right, and front and 
back faces, so that a particle exiting the 
cube to the left immediately reenters it 
from the right. (This operation cannot 
actually be performed in three-dimen¬ 
sional space.) 

Indeed, Witten’s theory asserts that 
link invariants exist in an arbitrary 
three-manifold—even for a link that 
has no components at all. That means 
the invariants yield topological infor¬ 
mation not merely about links but also 
about the three-manifolds themselves. 
Many mathematicians and physicists 
are actively investigating this new de¬ 
velopment, which could forge connec¬ 
tions between knot theory and other 
areas of science apparently even more 
unrelated than statistical mechanics 
was only six years ago. 
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A Roman Factory 

Most historians hold that the Romans failed to develop 
the technology of mechanized production because slave labor 
was so cheap. The ruins at Barbegal in France tell another story 


by A, Trevor Hodge 


F ew visitors to Arles in The south 
of France take the trouble to drive 
19 kilometers northeast to the vil¬ 
lage of rontvieille. Even fewer then turn 
south from Fontvieille and continue 
four kilometers along highway D 33, 
where a cart track leading off to the 
left ends at one of the strangest tech¬ 
nological marvels of classical antiquity, 
the mill of Barbegal. 

Barbegal is a well-preserved example 
of something that, according to all the 
textbooks, never existed at all—an au¬ 
thentic, ancient Roman, power-driven, 
mass-production, assembly-line facto¬ 
ry. 11 is a large, imposing ruin that re¬ 
quired no excavation. Yet so great was 
the attention concentrated on artistic 
monuments such as temples and so 
great the neglect of technical monu¬ 
ments such as mills that it was only af¬ 
ter the French archaeologist Fernand 
Benoit published liis investigations of 
the site in 1940 that anyone recog¬ 
nized its importance, 

Barbegal is significant because it calls 
into question what may be termed the 
technological theory of the decline and 
fall of the Roman Empire. The theory 
maintains that ihe availability of cheap 
slave labor prevented the Romans from 
developing alternative sources of pow¬ 
er, without which large-scale manufac¬ 
turing is impossible. 


A, TREVOR HODGE is professor of 
classics a l Carleton University, Otta¬ 
wa. lie was educated a I the University 
of Cambridge, where he received a B.A., 
an M.A. and a doctorate in classics 
and a diploma in classical archaeology. 
He originally specialized in Greek archi¬ 
tecture, particularly the techniques by 
which temples were constructed, but lat¬ 
er widened his interests to include ihe 
campaign of the Battle of Marathon and 
rhe founding of Marseilles hy the Greeks. 
His current research focuses on the Ro¬ 
man water supply, about which he will 
publish two books next year. This is his 
second article for Sciln nnc American. 


One need go only 100 meters or so 
down the track to see the remains of 
this industrial complex, compactly laid 
out on a hillside* The specifications are 
simple* Barbegal was an immense flour 
mill, probably dating from the fourth 
century a.d. The power to drive the 
millstones came from lb waterwheels, 
arranged in parallel row r s of eight. Each 
row ran downhill so that the water cas¬ 
caded from one wheel to the next, driv¬ 
ing ail eight in turn before running into 
the drain at the foot of the hill and 
thence discharging into a marsh 500 
meters away. 

The ingenuity of the arrangement is 
self-evident. Iri the medieval and later 
ages it was not uncommon to build wa¬ 
ter mills one after the other along the 
course of the same stream; here they 
Were consolidated under a single roof 
to form a veritable factory. One may 
also admire the design from the oppo¬ 
site point of view, for the power sourc¬ 
es were cleverly dispersed. It would 
have been impossible to drive so many 
machines with a single wheel because 
the friction of the belt drive, or any 
other means of transmission, w ? ouid 
have proved too great a load. Multiple 
grinders became possible only when 
each millstone was provided with a wa¬ 
terwheel of its own. 

Who was Barbegal *s great designer, 
as the engineer has the right to be 
called ? A tomb inscription of a plausi¬ 
ble date, still preserved in the Alys- 
camps cemetery of /Arles, celebrates a 
certain Quintus Candidius Renignus, a 
famous local hydraulic engineer who 
was “clever like none other, and none 
surpassed him in the construction of 
machines and the building of w r aler 
conduits." There is no firm evidence 
that it was he who built Barbegal or 
that the factory was the basis of his 
fame, but one w'ould like to think it 
true just the same. 

Climbing the hill to its crest, one 
sees on the other side a shallow vale 
spanned by a typical Roman aqueduct 
carried on arches, which supplied Lhe 


mill, A second look shows that anoth¬ 
er aqueduct stands alongside the first 
and is largely hidden by it. At the ridge, 
the western aqueduct made an abrupt 
right-angled turn and continued west, 
evidently extending 17 kilometers to 
supply drinking water to Arclate, the 
Roman city of Arles. The eastern aque¬ 
duct continued straight on to pierce 
the ridge in a specially cut channel and 
so reached the top end of the mill com¬ 
plex to supply it. 

Plainly, the mill had an aqueduct ded¬ 
icated to its use alone, although the 
precise relation between the mill aque¬ 
duct and the city aqueduct remains the 
subject of some discussion. The latest 
research seems to suggest that, first of 
all, an aqueduct was built to supply the 
city and that after a considerable time 
it could no longer do so, either be¬ 
cause the water quality deteriorated or 
the conduit became clogged by the cal¬ 
cium carbonate encrustation to which 
most such aqueducts were subject. Al 
that point, the argument goes, a new 
aqueduct was built, and the original 
one was converted to a mere source 
of power. The mill would therefore 
have been built expressly to exploit a 
source of power that had unexpect¬ 
edly become available in a suitable 
location, for the water's quality and 
quanlily were still adequate for indus¬ 
trial use* 

On emerging from the channel in the 
summit ridge, the aqueduct split into 
two at a Y-shaped junction. It was once 
thought that the triangular space em¬ 
braced by the Y served as a header res¬ 
ervoir <to ensure an even flow of water), 
but tills hypothesis is now thought un¬ 
likely. The mill complex proper, which 
the water now r entered, was laid out 
down the slope of the hillside in the 
form ol‘ a rectangle approximately 42 
by 20 meters. It consisted of two rows 
of millhouses, where the grain was ac¬ 
tually ground, separated by a service 
road that allowed mules and donkeys 
to bring in the grain and take aw r ay the 
bags of flour. On the two external waU 
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faces were mounted two rows of water¬ 
wheels, each contained within an ob¬ 
long masonry enclosure called a wheel- 
box. These boxes were themselves ar¬ 
ranged from end to end in a stepped 
series running downhill. The spacing of 
the miilhouses in relation to the wheels 
mounted on their common external 
wall was apparently not quite uniform. 


Some wheelboxes are longer than oth¬ 
ers, and the lower wall is not complete¬ 
ly straight. Ihese discrepancies were 
no doubt necessitated by inequalities 
in the terrain. 

Other irregularities spring at least in 
part from the difficulty of making a full 
reconstruction. Nowhere are the walls 
preserved to much more than one or 


L5 meters high, and a good deal of the 
superstructure was in woodwork, long 
since gone. The restorer is therefore 
forced to exercise a good deal of crea¬ 
tive, if discriminating, imagination. This 
requirement is not rare in restoring an¬ 
cient buildings. I-iere, however, the re¬ 
searcher faces an added and purely 
technical problem: the fall in level from 



CRUMBLING FOUNDATION of a Roman flour mill climbs a hill that cascaded past 16 waterwheels, whose boxlike contain- 
at Barbegal in southern France. An aqueduct fed two streams ments can stUl be seen. It is the largest known andent factory. 
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the top of the hill to the bottom gives 
an average ground slope of 30 degrees, 
but to fit in the eight wheels, the slope 
followed by descending water would 
have to be rather steeper. A variety of 
expedients have been proposed, such 
as building up the top section of the 
mill to a high level and effectively sink¬ 
ing the lower section by putting the wa¬ 
terwheels in the basement, thus steep¬ 
ening the hydraulic gradient. Although 
this difference in the placement of the 
wheels may be reflected architecturally 
in the markedly different layout of the 
last three millhouses | see top illustra¬ 
tion on page 62), no one has yet been 
able to demonstrate how the Romans 
reconciled the disparity between the 
hydraulic and ground gradients. 

Each wheel was .7 meter wide and 2.1 
meters in diameter and was mounted 
on an axle that passed from the wheel- 
box through a hole in the wall {one or 
two of which are still discernible) into 



the miHhouse. There it would have been 
coupled, by a pair of toothed wheels, 
to a vertical axle that passed upward 
through the ceiling and, on the floor 
above, drove the rotating basalt mill¬ 
stone (.9 meter in diameter) that did 
the grinding. The system is well known 
from other Roman mills. The chief gap 
in our knowledge is that we do not 
know whether advantage was taken 
of the gearing to increase the speed 
of rotation and hence the efficiency of 
the milling [see bottom illustration on 
page 621 

T his missing piece highlights what 
is perhaps Barbegal’s most tan¬ 
talizing puzzle: How much pow¬ 
er did the mill generate, and how much 
flour could it, or did it, produce? The 
last two questions are not necessar¬ 
ily identical because we have no idea 
whether the mill ran continuously or 
closed down at night. Furthermore, the 


size of the millstones is known, but 
their rate of revolution is not. Still, 
even a tentative production figure can 
provide at least an idea of the order of 
magnitude concerned. 

The most recent estimate was made 
in 1983 by Robert H. J. Sellin of the 
University' of Bristol, based on an aque¬ 
duct flowing at a meter per second 
(discharging .3 cubic meter per second) 
and a wheel rotating 10 times a minute 
at 65 percent efficiency. Sellin calcu¬ 
lates That such a wheel could generate 
about two kilowatts, or 2.5 horsepow¬ 
er. As the British scholar John Landels 
pungently comments, “For a modem 
(and slightly depressing) comparison, 
a small motor-cycle engine (250 cubic 
centimeters) develops about the same 
power.” This power, properly geared, 
would drive a millstone at about 30 ro¬ 
tations a minute, enough to produce 
about 24 kilograms of milled flour in 
24 hours, or nine metric ions a day for 
the entire Barbegal complex. Assum¬ 
ing 50 percent downtime, to accom¬ 
modate interruptions for late-arriving 
grain shipments, maintenance, low wa¬ 
ter, breakdowns, rest time and other 
interferences, Barbegal would still pro¬ 
duce, according to Sellin, “4.5 metric 
tons per day or enough to feed a popu¬ 
lation of 12,500 based on a consump¬ 
tion unit of 350 grams a day. This cor¬ 
responds closely enough to estimates 
of the size of the population of Arles in 
the fourth century a. d” 

The new estimate seems to solve one 
problem. Earlier ones had been higher, 
and most historians were if anything 
worried that the mill produced more 
flour than the local population could 
have consumed . The usual explanation 
was that Arles was a legionary fortress 
and Lhat Barbegal supplied ils garrison. 


BARBtGAL was built in the fourth century a,d. near the port of Arles {left), along 
an aqueduct lhat had once supplied the city (right). The mill probably produced 
enough flour to feed the 12,500 people estimated to have lived in Arles at the time. 






WATERWHEEL DESIGNS are shown in order of increasing directly, undershot wheels (center) require gears and over¬ 
complexity and efficiency. Norse wheels (left) turn millstones shot wheels (right) also require an elevated stream of water. 
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But legionary garrisons were hardly 
rare, and nowhere else in the Roman 
Empire is a garrison known to have 
had recourse to such an expedient. The 
lower estimate eliminates these diffi¬ 
culties and thus supports the theory 
that the factory' was built to exploit the 
availability of the aqueduct. 

Another technical problem lies in de¬ 
termining the design of the factory, 
which depends on the kind of water- 
wheel it used. Three varieties were 
known in antiquity [see bottom illustra¬ 
tion on opposite page]. The simplest— 
the Norse wheel—is mounted horizon¬ 
tally on a vertical axis that passes 
through the millhonse floor to turn the 
millstone above. The absence of gears 
makes for ease of building and mainte¬ 
nance but means that the millstone 
turns slowly, with the waterwheel, and 
hence grinds inefficiently, Norse wheels 
are not immersed in the river but driv¬ 
en by jets of water from a chute. They 
are still common in China (where, per¬ 
haps significantly, windmills also ro¬ 
tate in the horizontal plane). 

The more familiar vertical waterwheel 
comes in two varieties—undershot and 
overshot. In the former, the wheel in 
effect dips into the river below, which 
turns it. In the latter, a chute delivers 
water to the top of the wheel so as to 
drive it both by the forward momen¬ 
tum of the current and by gravity, as 
the water falls. In both cases, the drive 
is then taken by a horizontal axle and 
thence through wooden gears, as at Rai- 
begal, to a vertical axle. Of the two de¬ 
signs, the overshot is the more effi¬ 
cient. Yet energy efficiency may be no 
great advantage if there is plenty' of wa¬ 
ter to drive the mill anyway. Moreover, 
because an overshot wheel requires 
that the water delivery be regulated by 
a millpond and an elevated chute, it is 
quite expensive to install. 

Because there is a step-by-step in¬ 
crease in sophistication from the Norse 
to the undershot and finally to the 
overshot design, the established view 
has been that the different techniques 
appeared in that chronological order. 
But N.A.F. Smith of the Imperial Col¬ 
lege of Science and Technology in Lon¬ 
don has shown that they developed 
independently, in response to regional 
needs and traditions, and that in most 
of the Roman Empire the horizontal 
wheel appeared rarely, if at all. At Bar- 
begal it is clear that the wheels were 
vertical. The only question is whether 
they were of undershot or overshot de¬ 
sign. Although both have been suggest¬ 
ed, there can be no doubt that the 
overshot model is by far the more 
probable, if only because its superior 
efficiency would have been required to 


exploit the comparatively small but 
controlled volume of water delivered 
by the aqueduct. 

B arbegal transcends such technical 
matters to reach the wider ques¬ 
tion of the social role of tech¬ 
nology. The orthodox doctrine holds 
that the ancients understood the water¬ 
wheel well but made surprisingly little 
use of it because the motive power 
supplied by slaves was so cheap. 

Here the apparently trivial water¬ 
wheel touches on one of the great para¬ 
doxes of antiquity: the relative stagna¬ 
tion of technology in a society that pro¬ 


duced some of the best minds yet en¬ 
countered. It is generally accepted that 
ancient technology was deficient in the 
application of power. The Greeks and 
Romans could not, for example, exploit 
steam practically because they lacked 
the machining skills for fine-tolerance 
work in metal. Why, then, did they 
neglect the sources that were available 
to them? The ancients were iMliliar, 
through ships* sails, with wind power 
but apparently never used windmills. 
They actually constructed waterwheels 
but not in significant quantities. 

Here again recent scholarship has 
increasingly cast doubt on the estab- 


OVERSHOT WATERWHEELS, the most efficient of the three main designs, are con¬ 
jectured to have driven the mills (seen here in an idealized reconstruction). Three 
service stairways Ranked the mills, each of which probably had its own enclosure. 



TO CULVERT 
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RESTORED VIEW of Barbegal arranges the wheels along a de- ground and water. The wheels were probably mounted above 
dining curve, a Logical way to reconcile the gradients of the ground at the top of the hill and below ground at the bottom. 


lished version. Watersheds may not, in 
fact, have been all that rare in antiq¬ 
uity. The evidence that they were is al¬ 
most entirely archaeological. Workers 
have found very few wheels; hence, it 
is assumed that few existed. A reex¬ 
amination of the literary as well as the 
archaeological evidence now suggests, 
however, that waterwheels began to 
find more widespread use throughout 


the empire in the second century a. d. 

The revision is based partly on the 
discovery of more wheels and partly on 
the no less convincing argument by 
analogy. Eleventh-century England, for 
example, has left evidence of scarce¬ 
ly a dozen mills of any kind, yet the 
Domesday Book records that at least 
5,624 existed. If one assumes that the 
ratio between actual and discovered 


mills is the same for the classical world t 
then some of I he standard explanations 
of the dearth of waterwheels begin to 
ring hollow. 

According to one standard explana¬ 
tion, the Mediterranean region, in par¬ 
ticular Italy, lacked streams offering 
the reliably constant water flow that 
mills require, this theory seems con¬ 
vincing only so long as one assumes 
that few mills existed. If one assumes 
instead that they were numerous, one 
quickly remembers that in fact there 
was nothing the Romans were more 
famous for than the widespread provi¬ 
sion of a reliably constant water flow— 
by means of aqueducts. The aqueduct 
ought to have been ideally suited to the 
needs of a water mill, particularly of 
the overshot design, as in the case of 
Barbegal. One may of course object on 
the grounds of expense, but again an 
answer can be found. Of all the users 
of water, mills must surely stand alone 
in that they neither consume the wa¬ 
ter nor pollute it. In theory, therefore, 
it would have been possible to install 
mills at any point along an ordinary 
city aqueduct without inhibiting its nor¬ 
mal function. 

In fact, something like this was ap¬ 
parently done on the hillside of the 
Janiculum, in the suburbs of Rome. 
One can only wonder if this was an 
isolated case or if the remains of other 
such mills have been overlooked be¬ 
cause no one expected to find them. 
Certainly it was not uncommon for 
aqueducts to incorporate cascades at 
a point where the terrain obliged the 
aqueduct to lose height rapidly and 
where accordingly a mill could have 
easily been built. Of course, not every 
such case would have proved econom- 



GEARING MECHANISM would have been necessary to convert the horizontal rota¬ 
tion of an overshot or undershot waterwheel into vertical rotation. Here it is as¬ 
sumed that the gear was made larger than the pinion so as to speed the grinding. 
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ROMAN HARNESS was designed so that a pair of oxen could push against a yoke 
with, their humps {left). It was misapplied to horses, which would strangle if they 
tried to pull a heavy load (right). The ancients therefore had a choice between 
painfully slow oxen and horses that were slow because of pain. In either case, the 
author hypothesizes, land transportation was too costly to justify mass production. 


ical: a natural site for a mill might have 
been separated from principal urban 
markets by excessive distance or for¬ 
bidding terrain. 

Y et it cannot be denied that the 
Romans used water mills less 
extensively than they might have. 
Why did they not? The traditional an¬ 
swer— the technological theory of Ro¬ 
man decadence—argues that the Ro¬ 
mans lacked economic incentives to 
develop technology as long as the em¬ 
pire was expanding and had lost their 
technological vitality by the time the 
frontiers had stabilized. This theory re¬ 
lies almost wholly on the debilitating 
influence of slavery’. 

There is a danger in relying too much 
on slavery as an explanation, ll is true 
that cheap labor, whether slave or free, 
can have a stultifying effect on the de¬ 
velopment of labor-saving technologies. 
Yet slaves were often more expensive 
than is commonly realized, combining 
high capital costs with a short working 
life (when heavily worked) and high 
maintenance costs in between. 

Slaves might have been economical 
when targe numbers appeared on the 
market, depressing the average pur¬ 
chase price. Such a profusion of slaves 
obtained as long as the Roman Empire 
was expanding and its victorious le¬ 
gions were sending prisoners of war 
back from the frontiers. Once the fron¬ 
tiers stabilized in the first century A. o,, 
and more decidedly, once the barbar¬ 
ians started winning, the supply of 
slaves dried up and the cost of man¬ 
power rose. Rome was thus in the posi¬ 
tion of some modern enterprises; it 
had to grow or decline. 

But a much more direct reason, pure¬ 
ly technical in nature, explains why the 
waterwheel languished in ancient times 
and with it structures such as the mill 
of Barbegal and the cultures that could 


be based on them. It has to do with the 
harnessing of horses. 

.Although the use of horses as draft 
animals was much restricted by the 
absence of horseshoes, Lhai deficiency 
was nothing compared with the inade¬ 
quacy of the standard harness. The har¬ 
ness straps and the equine anatomy so 
coincided that if the horse tried to pull 
a heavy load it merely strangled itself. 
For overland freight transport—even 
on the excellent Roman roads—horses 
were out. Motive power was provided 
by oxen, which are very strong but 
painfully slow. 

Land transport was therefore prohib¬ 
itively expensive over distances great¬ 
er than about 15 to 20 miles, a journey 
of several days for an ox. This weak¬ 
ness in the distribution of goods had a 
profound consequence: it all hut ruled 
out factories, because die economies 
of scale realized in mass production 
would be more than ou tweighed by the 
expenses of getting the goods to mar¬ 
ket. And if there was no mass produc¬ 
tion, there could have been little incen¬ 
tive to mechanize. 

Machinery powered by water conse¬ 
quently did not pay oft' unless water 
was eonveniendy and cheaply available 
and the local markei was adequate. 
More distant markets could be served 
only in the rare cases where mills could 
be built near ports at which river barg¬ 
es or seagoing ships—by far the cheap¬ 
est means of transportation in antiqui¬ 
ty—could carry the product away. The 
fourth-century poet Ausonius clearly 
if poetically describes such an enter¬ 
prise =-a marble-sawing works on the 
river Ruw r er, a tributary of the Moselle 
near Trier. It is one of the handful of 
mills known to have produced some¬ 
thing other than flour. 

Is, then, Barbegal unique? Not quite: 
two other multiple mills are known, but 
neither is on a scale anything like Bar- 


begaTs, One is at Chemtou in western 
Tunisia, where a combination bridge 
and dam dating from about the be¬ 
ginning of the second century a.d. 
spanned the river Medjerda. Set into 
the bridge abutment were three hori¬ 
zontal mill wheels, side by side and 
in parallel rather than in series, as at 
Barbegal. The wheels were housed in 
cylindrical stone enclosures known as 
penstocks to which the stream of wa¬ 
ter was admitted slightly off center so 
as to play chiefly on one side of the 
wheel, as in a turbine. The other mill 
is in Israel on a dam on the Crocodile 
River near ancient Caesarea, halfway 
between Haifa and Tel Aviv, Here again 
there were two horizontal wheels, each 
at the bottom of a penstock so that the 
wntcr, admitted at the top, strikes the 
wheel with its momentum increased by 
the fall. Neither installation has been 
fully studied, but together they remain 
the only known parallels to Barbegal. 

And there is the rub. Barbegal is lo¬ 
cated in a densely populated area of a 
modern, developed country . It w ? as not 
buried and required no excavation be¬ 
yond a minor cleanup. The mill could 
not have been easy to overlook, but it 
stood neglected for centuries. 

The lesson is dear. Other Barbegals 
must surely await discovery in the more 
remote and less studied parts of the 
Roman Empire, if this one could escape 
notice in France until 1940, what mas- 
terworks may yet He hidden in Iraq or 
North Africa, where desert sands now 
enshroud the remains of Roman cit¬ 
ies? It is worth seeking them out, for 
should they be found, the implications 
for the history' of technology’, manufac¬ 
turing, economics and culture will be 
mom en tou s i n d eed. 
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The Mechanical Design 
of Insect Wings 

Subtle details of engineering and design, which no 
man-made airfoil can match, reveal how insect wings 
are remarkably adapted to the acrobatics of flight 

by Robin J, Wootton 


I nsects include some of Lhe most 
versatile and maneuverable of all 
flying machines. Although many 
show rather simple flight patterns, 
some insects through a combination 
of low mass, sophisticated neurosenso- 
ry systems and complex musculature— 
display astonishing aerobatic feats. 
Houseflies, for example, can decelerate 
from fast flight, hover, turn in their 
own length, fly upside down, loop, roll 
and land on a ceiling—ail in a fraction 
of a second. Dragonflies, hover flies 
and laccwings are scarcely less remark¬ 
able but in different ways, for with ver¬ 
satility comes diversity. It is now be¬ 
coming increasingly clear that much of 
the skill and variety in insect flight re¬ 
sults from the subtle and varied con¬ 
structions of their wings. But just how 
wing characteristics relate to flight per¬ 
formance has only recently begun to 
develop from speculation into rigorous 
science. 

As a graduate student in the 19bOs 
working with fossil insects, I became 
deeply frustrated with the limited 
range of conclusions that could be 
safely drawn from the often beautifully 
preserved material at my disposal. 1 
was conscious that wings were far 
more than abstract patterns of veins 
and membrane, as is their usual depic¬ 


ROBTN J, WOO TTON began his career 
in insect paleontology , receiving a Ph D, 
in this Held from the University of Lon¬ 
don. He started work on insect [light 
in the 1970s, with the intention of un¬ 
derstanding and explaining evolution¬ 
ary trends in wing structure. Now sen¬ 
ior lecturer in biological sciences at the 
University of Exeter, he leads a small 
but active research group investigating 
the influence of wing morphology and 
engineering on flight performance and 
behavior. 


tion. Each wing seemed to me to be an 
elegant piece of small-scale engineer¬ 
ing, presumably finely adapted to the 
functions that it served. 

I also realized that an understanding 
of how insect wing architecture relates 
to performance could illuminate ques¬ 
tions of insect evolution. Primitive 
winged insects seem to have had two 
unlinked pairs, as dragonflies and crick¬ 
ets do. But in many modern groups, 
such as true bugs (Hemiptera), moths 
and wasps, fore wings and hind wings 
beat in unison or are physically linked 
together, operating as a single compos¬ 
ite airfoil. In some insects, hind wings 
have been reduced to small sense or¬ 
gans, as in flies, or completely lost, as 
in some mayflies. Forewings have thick¬ 
ened and become protective sheaths in 
beetles and earwigs or been reduced 
to vestiges in stylopids and some stick 
insects. In these insects and in most 
crickets, cockroaches, stone flies and 
caddis Hies, the hind wings are much 
larger than the forewings, whereas in 
wasps, aphids and many butterflies, 
the reverse is true. Thrips and some 
tiny beetles and parasitic wasps have 
wings that resemble feathers, consist¬ 
ing of a central rod surrounded by a 
flat sheet of closely packed bristles. In 
two families of moths the margin of 
each wing cuts deeply in between the 
veins, so that the body is flanked by a 
series of radiating plumes. 

Beyond these characteristics lie dif¬ 
ferences in shape, relief, texture and 
particularly the pattern and density' of 
the supporting veins. Together the fea¬ 
tures provide a cornucopia of traits for 
systematists, who have used them in 
classifying and identifying insects for 
more than 150 years. For paieoento- 
otologists, wing features have proved 
quite indispensible; many fossil insects 
are known only by their wings, and in 
fossils in which the whole insect is pre¬ 


served, wings are frequently the most 
dearly visible and interpretable struc¬ 
tures. Until recently, however, the func¬ 
tional significance of most wing charac¬ 
teristics—and hence of evolutionary 
trends in wing design—remained al¬ 
most completely unknown. 

For example, the fossil of the fore- 
wing of a large dcadalike insect found 
in 130 -million-year- old rocks in Spain 
dearly reveals shape and venation pat¬ 
tern Usee illustration on page 68]. A 
prominent, curved line {the nodal line) 
crosses the wing at about one third 
the distance from the base. Modem ci¬ 
cadas have a similar structure that al¬ 
lows the wing to deflect downward— 
but why did cicadas develop this 
feature? in the fossil the textures of 
the membrane on either side of the line 
differ markedly: it is smooth toward 
the base and pitted toward the tip. 
Near the base the wing is tom along 
anolher line of bending commonly 
found in most insect spedes. Known as 
the claval furrow, il marks off a poste¬ 
rior lobe called the clavus, nearly de¬ 
tached in this fossil. What is the sig¬ 
nificance of these features? 

Fur titer questions arise when we 
compare this fossil with others. A rep¬ 
resentative wing found in Australian 
rocks 220 million years old comes 
from the same family the Spanish fos¬ 
sil belongs to and shows many simi¬ 
larities as well as profound differenc¬ 
es. The older, Australian wing is near¬ 
ly elliptical, the younger, Spanish one 
nearly triangular. The clavus is larger 
in the older wing, and the transverse 
line of flexion is more distal. Although 
a three-pronged fork of strong veins 


GREEN LACE WING {Chrysopa cornea) 
takes off from a leaf in this triple-flash 
photograph. Lhe wings, which beat out 
of phase, show camber and torsion. 
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supports the base in both wings, the 
younger wing uses a different combina¬ 
tion of veins. 

W hat do these differences mean? 
The shift from ellipse to trian¬ 
gle probably accompanied a 
reduction of the hind wing. All the 
changes presumably reflect alterations 
in flight pattern and technique. Exam¬ 
ining these fossils in the 1960s, I could 
recognize evolutionary trends in struc¬ 
ture that seemed to have parallels in 


other insect groups, both Irving and ex¬ 
tinct, yet it was impossible to explain 
any of them. I could do little more than 
compare the fossils with modem in¬ 
sects, mainly moths, which have simi¬ 
lar wing shapes, and conclude tenta¬ 
tively that the ancient insects might 
have flown in similar ways—whatev¬ 
er these might have been. Little was 
known at the time about the flight of 
moths and nothing at all about the re¬ 
lation between their flight techniques 
and the architecture of their wings. 


hi the 1970s several developments, 
both technical and theoretical, at last 
made it possible seriously to attack 
the problems of wing design. New in¬ 
struments, particularly the scanning 
electron microscope, allowed morphol¬ 
ogy to be studied in far greater detail 
than before* High-speed cinematogra¬ 
phy, combined with microcomputers, 
made feasible the filming and quantita¬ 
tive analysis of insects flying freely in 
laboratory enclosures. Such films, pio¬ 
neered by Torkel Weis-Fogh, Gordon 
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FOSSIL FOREWING of a 130-million-year-old cicada f rom Spain shows many details, 
including supporting veins and a flesdon Une along which ihe membrane has frac¬ 
tured (fop). The reconstruction (frorrom left) reveals evolutionary changes, in¬ 
cluding different supporting veins (color), as compared with an older wing from 
Australia (bottom right). Probable shape of the hind wings is shown {shaded area h 


Runnalls and Charles R Ellington of the 
University of Cambridge, and the as¬ 
tonishingly clear high-speed stills of in¬ 
sects in flight taken by Stephen Dalton, 
a free-lance photographer in Sussex, 
provided for the first time detailed in¬ 
formation on wing behavior in free 
flight. Furthermore, researchers could 
begin to interpret wing movements 
and changes in shape in aerodynamic 
terms, an area in which Weis-Fogh and 
Ellington were preeminent. 

In more recent years the laborato¬ 
ry’ of Andrei K. Brodskiy of the Univer¬ 
sity' of Leningrad, my own at the Uni¬ 
versity of Exeter and centers at oth¬ 
er institutions have made the study of 
wing design a primary- concern. Taking 
different but complementary' approach¬ 
es, we have examined the flight and 
functional wing morphology of many 
insects and discovered some general 
principles. Wing engineering is prov¬ 
ing to be every bit as fascinating as we 
had hoped. 

O rthodox insect wings consist of 
tough, flexible membrane sup¬ 
ported by fairly rigid longitudi¬ 
nal, or radiating, veins—usuaLly tubular 


and typically containing blood and air- 
filled tracheal tubes—linked together 
by cross veins. The details of the mem¬ 
brane ultrastructure remain poorly un¬ 
derstood, but its material properties, in 
particular its strength and lightness, 
must be remarkable even for insect cu¬ 
ticle, an already superb natural com¬ 
posite. In some wings the membrane is 
only a micron or so thick, yet it can 
withstand strong lift forces generated 
during flight. 

Despite the membrane's strength, 
the wings, which are seldom entirely 
flat, have additional details that serve 
to increase rigidity. In some groups— 
dragonflies, mayflies, grasshoppers— 
the wings are highly corrugated, with 
the longitudinal veins occupying peaks 
and troughs m the membrane [see illus¬ 
tration on opposite, page |. With their 
abundant cross veins, the wings recall 
the structural engineer's lattice gird¬ 
ers and space frames, in which bend¬ 
ing forces on the whole structure are 
converted to pure tensile or compres¬ 
sion forces in the individual members. 
These cross-connecting features pro¬ 
vide far greater strength and rigidity 
per unit weight than structures that 


lack them, David J. S. Newman, a for¬ 
mer graduate student in my laboratory, 
showed that some dragonfly wings do 
indeed exploit this physical effect, and 
w ? e demonstrated that the membrane 
itself, flexible as it is, can help sup¬ 
port the wing by acting as a “stressed 
skin." The membrane thus prevents the 
framework of veins from deforming, 
much as an artist's mounted canvas 
adds rigidity to the frame. 

Other, flatter wings are essential¬ 
ly cantilevered beams. Their veins re¬ 
sist bending by aerodynamic and in¬ 
ertial forces; they often have a large 
cross section at the base and taper 
from the base to the tip—common fea¬ 
tures of cantilevered structures. But 
whether considered as beams or space 
frames, insect wings have two cru¬ 
cial—and for engineers, unusual—spe¬ 
cial characteristics. 

F irst, the wings flap: they repeated¬ 
ly accelerate and decelerate, gain¬ 
ing and losing kinetic energy. A 
tapered structure is hence even more 
important, because the wing's center 
of mass must be kept as near as possi¬ 
ble to its base to minimize costly kinet¬ 
ic energy changes and to keep internal 
stresses within bounds. Tapering tends 
to make the wing tips less rigid, but be¬ 
cause insects frequently collide with 
obstacles and other insects, the wings 
in general respond lo impacts not by 
stiff opposition but by yielding and 
rapid recovery 7 , like a reed in the wind, 
High-speed films by Newman show the 
corrugated wing tips of dragonflies 
flattening and bending as they collide 
with the walls of their enclosure and 
fully recovering undamaged before the 
next half stroke. 

Second, and we have determined, vi¬ 
tally, insect wings can greatly deform 
during flight. Although the wings of 
birds and bats also deform, their w'ings, 
being modified arms, have muscles 
that allow them to bend at the elbow', 
wrist and hand, insect muscle stops at 
the wing base; therefore, any active 
control of wing shape must be remote. 

Such deformable airfoils rarely occur 
in technology 7 . The most familiar exam¬ 
ples are sails; indeed, a sad and an in¬ 
sect wing share much in common. Each 
consists of flexible membrane support¬ 
ed by rigid spars. In both, the extent to 
which aerodynamic forces mold the 
membrane is determined by the mem¬ 
brane's elasticity 7 , the elastic forces in 
the spars and the controlling forces ex¬ 
erted by the insect (or crew) at the 
base. In wings, inertial forces that re¬ 
sult from flapping must be considered. 
Boats do not propel themselves with 
actively dapping sails; if they did, the 
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sails would need to be of a rather dif¬ 
ferent design. 

Detailed investigation reveals many 
wing features that reinforce the sail 
analogy. In every wing, one can rec¬ 
ognize rigid zones clearly adapted 
to support the wing and to limit its 
deformations. These zones consist of 
stout veins or, frequently, groups of 
veins firmly linked together by substan¬ 
tial cross veins into three-dimensional 
spars with occasionally thickened mem¬ 
brane—the mast and boom of the wing. 

Other areas seem to be adapted for 
deformabflity. The cross veins are flat¬ 
tened, narrowed, annulated (like the 
flexible zones of bendable drinking 
straws) or movably binged to the longi¬ 
tudinal veins. Here the membrane, thin 
and flexible, sometimes appears un¬ 
der the electron microscope to be fine¬ 
ly crumpled, giving local extensibility. 
These areas can be compared with the 
doth of sails and the veins within them 
with the battens, which in sails (and in¬ 
sect wings ) modify the profile locally. 
We have some indirect evidence that 
the structure and properties of the 
membrane may vary within the wing— 
a common feature in the multidoth 
sails of high-performance yachts. 

But the comparison can be taken too 
far. Insect wings are far more subtly 
constructed than sails and distinctly 
more interesting* Many, for example, 
have lines of flexion across the wing, as 
already described in the fossil cicadas. 
They also incorporate shock absorbers, 


counterweights, ripstop mechanisms 
and many other simple but brilliantly 
effective devices, all of which increase 
the wing's aerodynamic effectiveness* 

I nsect wings have become adapt¬ 
ed for the requirements of insect 
flight, which is different from those 
of other animals* Unlike many birds, in¬ 
sects make limited use of gliding; only 
by flapping can the insect generate the 
sustained forces to remain aloft* To 
create these forces, the insect needs 
to accelerate air—directly downward to 
hover or rise vertically; downward and 
backward to move forward* The forces 
vary each instant throughout the stroke 
cycle, but when averaged they must 
produce a net upward component that 
counteracts gravity. 

To achieve this, the insect must do 
more than simply raise and lower its 
wings repeatedly* Flapping the wings 
without twisting would propel the in¬ 
sect forward, but the vertical forces 
from the upstroke and downstroke 
would cancel out. The wings would do 
no more to support weight than they 
would in a glide. For sustained flight in 
still air, they must be moved or de¬ 
formed during the flapping cycle, so 
that they generate, overall, more up¬ 
ward than downward force. The insect 
can effect such wing movement in a 
number of ways and tends to use sev¬ 
eral of them simultaneously. 

First, the wings can twist, so that the 
angle of attack may vary throughout 


the stroke. Probably most insects ac¬ 
tively twist their wings to some extent 
by using the muscles at the base. Iner¬ 
tial and aerodynamic forces can assist 
and, in some cases, entirely drive the 
twisting between half strokes* Aerody¬ 
namic forces, normally centered be¬ 
hind the torsional axis (the line around 
which the wing naturally rotates), tend 
to give the wing a helicoid twist as it 
moves through the air, much as a sin¬ 
gle propeller blade is curved to direct 
air flow. Again, the twisting effect of 
aerodynamic forces on airfoils is famil¬ 
iar to any dinghy sailor. 

Second, the camber of the wings— 
the convex curve from leading to trail¬ 
ing edge—may change. In wind-tunnel 
tests, a small, cambered plate gener¬ 
ates more lift than an uncambered one, 
an effect insects appear to exploit. 
Most high-speed films and many still 
photographs of flying insects show the 
wings to be cambered for parts of the 
stroke cycle* 

Third, insects may alter the area of 
the wings exposed to forces. We have 
evidence, for example, that some but¬ 
terflies alter the total wing area by 
changing the degree their forewings 
and hind wings overlap* Locusts reduce 
the area of their hind wings in the up¬ 
stroke by retracting them elastically to 
a partly folded position. 

Fourth, asymmetry in force genera¬ 
tion occurs when the wing moves 
through an oblique stroke plane, which 
in forward flight causes the wing to 



DAMSELFLY WING 

(Calopt&ryx splendens) 

THE OUTSIDE VEINS OF THE CORRUGATED 
WINGS REACT TO FORCE BY STRETCHING; 
INSIDE VEINS AND CROSS VEINS COMPRESS. 
THE MEMBRANE BETWEEN THEM IS 
SHEARED AND CONTRIBUTES TO RIGIDITY BY 
BRACING THE STRUCTURE DIAGONALLY. 
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HOW INSECTS GENERATE UPWARD FORCE 



TWISTING BETWEEN HALF STROKES 

\ 




CHANGING SURFACE AREA 


ADOPTING OBLIQUE STROKE PLANE 



BY COMBINING TWISTING AND CAMBER CHANGE IN AN INCREASINGLY 
HORIZONTAL STROKE PLANE, INSECTS CAN GENERATE WEIGHT-SUPPORTING 
FORCES ON BOTH UP AND DOWN STROKES TO FLY SLOWLY AND HOVER. 


move faster relative to the air on the 
downstroke than on the upstroke. Be¬ 
cause the hinge between wing and tho¬ 
rax is itself oblique, an oblique stroke 
plane is built into most insects. In 
dragonflies the entire thorax tilts back¬ 
ward. But insects can also make the 
stroke plane more horizontal at wi 11 by 
tilting their bodies toward the vertical, 
indeed, most truly versatile fliers, such 
as damselflies, bees, wasps and many 
moths, and the habitually slow-flying 
insects, such as aphids and gnats, tend 
to combine a nearly horizontal stroke 
with extensive twisting, so that the 
wing turns right over between the up¬ 
stroke and downstroke. Its camber 
thus reverses, tike a sail going about 
the end of a tack, 

T hese techniques can ail be ex¬ 
plained by orthodox aerodynam¬ 
ics, but insects have other tricks 
up their sleeves. In 1973, working on 


ihe parasitic wasp Encarsia formosa, 
Weis-Fogb described a new- mechanism 
for generating lift: the insect claps its 
wings together at the top of the up¬ 
stroke and flings them apart, leading 
edge first. Air flows between each wing 
over the leading edge, creating a circu¬ 
lation of air around the wings as they 
move apart and, consequently, a high 
degree of lift at the outset of the stroke. 
Like the other insect flight mechanisms 
later identified, this one relies on un¬ 
steady flows created by wing move¬ 
ments that have no parallel in the be¬ 
havior of man-made airfoils. Three oth¬ 
er mechanisms seem to be particular¬ 
ly widespread and involve wing defor¬ 
mations, w ? hich are not necessarily in¬ 
volved in the clap and fling. 

Ellington has described two: a 11 clap 
and peel" mechanism, in which the 
wings meet at the top of the stroke and 
peel apart progressively as they des¬ 
cend, and a “near clap and partial 


peel," in which the wings approach 
each other and only the posterior pans 
of the wings meet briefly and peel 
apart while the leading edges diverge. 
Researchers have not folly analyzed 
these mechanisms, hut Ellington, Clive 
Betts of the University of Exeter, John 
Brackenbury of the University of Cam¬ 
bridge, Brodskiy and I have now iden¬ 
tified one or the other in lacewings, 
butterflies, true bugs, crickets, locusts, 
mantises and stick insects. All these in¬ 
sects have broad, flexible wings, a char¬ 
acteristic required to "peeF; the wings 
flex evenly along axes radiating from 
the wing base, creating what 1 call radi¬ 
al curvature. 

The third mechanism, mentioned 
briefly by Weis-Fogh, has been dis¬ 
cussed more fully by A. Roland Ennos, 
now at the University of York, by Brod¬ 
skiy and by J. M. Zanker of the Univer¬ 
sity of Tubingen and seems to occur in 
many different insects at the end of the 
downstroke. As the wing decelerates, it 
bends sharply downward along a trans¬ 
verse flexion line and then twists into 
the upstroke position while straighten¬ 
ing rapidly. The outer part consequent¬ 
ly accelerates sharply, probably gener¬ 
ating a high degree of lift. 

Together these mechanisms draw at¬ 
tention to and help explain a range of 
wing deformations visible in high-speed 
films of insects in flight: development, 
change and reversal of camber; torsion; 
area expansion and contraction; radial 
curvature; and transverse bending. The 
deformations can be discussed with 
reference to three broadly identifiable 
types of wings | see illustration on page 
72]. These types are by no means the 
only kinds, nor are lhey entirely dis¬ 
crete, given that some insect wings 
have features of more than one. Never¬ 
theless, they are all common, and each 
has probably evolved independently 
several times. 

Type A wings typically have substan¬ 
tial anterior and posterior supporting 
zones—sometimes even throughout the 
base of the wing. The deformable zone 
lies between and dis tally to the sup¬ 
porting zones and is often crossed by a 
transverse line of flexion that allows 
the w r ing to bend easily under pressure 
applied only from above. It is in effect 
a one-way hinge. In flight, muscles at 
the wing base determine the relative 
positions of the anterior and posterior 
supporting spars and hence the area 
between them. In tins way, the muscles 
actively control the orientation and to 
some extent the profile of the deform¬ 
able zone throughout the stroke cycle. 

Hans-Klaus Pfau of the University of 
Mainz has worked out the details in 
locusts, but similar principles seem to 
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apply In the other type A wings that 
have been studied. Important compo- 
nents of the posterior supporting zone 
are the well-developed davus and the 
claval furrow, features already men¬ 
tioned in the fossil cicadas. The hinge¬ 
like claval furrow permits the relative 
movement of the supporting zones de¬ 
scribed above. Type A wings include 
the forewings of crickets, scorpion flies, 
aldcrflies and dobsonflies, most bugs 
and some moths. The hind wings of 
some of these insects, such as scor¬ 
pion flies and some moths, are also es¬ 
sentially but usually rather modified 
type A, 

Type A wings have a major limita¬ 
tion: they do not twist very far. Slow 
flighl and hovering usually require ex¬ 
tensive twisting, and few insects with 
type A wings have particularly versatile 
flying abilities. The transverse flexion 
line, however, eases the problem some¬ 
what. High-speed films show that the 
line often allows the outer part of the 
wing to twist far more than the basal 
part, making possible the generation of 
some weight-supporting force in the 
upstroke as well as in the downstroke. 
The larger the proportion of the wing 
beyond the flexion line is, the more 
twisting is likely to be possible, and 
the expansion of the distal, deformable 
area relative to the nondeformable area 
is a common evolutionary trend in type 
A wings. 

Type B wings are all hind wings. 
These wings seem to have evolved 
from type A; the area that is the davus 
in type A wings has been modified into 
an enlarged, soft, flexible fan at the 
trailing edge and is supported internal¬ 
ly by veins that radiate from the base. 
Like type A wings, type B ones have a 
well-supported leading edge. This wing 
type, capable of limited twisting, is gen¬ 
erally found in insects with restrict¬ 
ed flight repertoire, including crickets, 
stick insects, mantises, most stone flies, 
bugs and many caddis flies. The wings 
are, however, ideally suited to develop 
radial curvature in the dap and peel 
and in the near dap and partial peel 
mechanisms. Workers have shown that 
some crickets, locusts, mantises and 
bugs use these techniques extensively 
during the transition between upstroke 
and downstroke. 

A further ingenious trick may prove 
widespread in type B wings, although 
so far 1 have confirmed it only in lo¬ 
custs. The hind wing fans of locusts 
are pleated and supported by a large 
number of radiating veins on the ridg¬ 
es and troughs of the pleats. At rest, 
the whole structure folds up like a 
pleated, man-made fan. During the 
downstroke the wing is pulled forward, 


and the pleats open as the fan extends. 
What happens as the wings continue to 
extend is essentially the same as what 
happens when one opens an umbrella: 
the outer edge becomes pulled slightly 
inward, compressing the veins, which 
become bent like the umbrella’s spokes. 

The umbrella effect leads to two re¬ 
sults. First, the process supports the 
soft trailing edge and prevents it from 
fluttering up into the wind. Second, the 
wing becomes slightly cambered and 


hence a more effective airfoil. For the 
upstroke, the wing merely retracts par¬ 
tially, reducing its area, losing its cam¬ 
ber and thereby bringing about the 
asymmetry of forces essential for sus¬ 
tained flight. 

T ype C wings, like type B ones, 
characteristically have a well-sup- 
ported leading edge and a soft, 
flexible trailing edge. Unlike type B 
wings, type C wings are adapted to 
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COMMON WING TYPES 


TYPE A 

(STONE FLIES, SCORPION 
FLIES, CRICKETS} 



SUPPORT 


type b 

(GRASSHOPPERS, 

COCKROACHES) 



TYPE C 

(FLIES, DRAGONFLIES) 



TRAILING EDGE 


twist extensively, so that they can gen¬ 
erate weight-supporting force on both 
the dovmstroke and upstroke. Such 
misting brings with it the ability to fly 
slowly and often to hover. Most of the 
truly versatile performers and habitual¬ 
ly slow fliers have wings of this kind. 
Preeminent among insects wit h type C 
wings are the dies and the dragonflies, 
both of which have been studied exten¬ 
sively in my laboratory. Their wings 
have proved to be small masterpieces 
of ingenious design. 

Were they simply flexible mem¬ 
branes supported only at the leading 
edge, type C wings would behave like 
flags, fluttering up to lie parallel to the 
airflow and generating no useful for¬ 
ces. Of course, they do nothing of the 
kind; lacking a rigid posterior support, 
they have evolved a battery 1 of elegant 
internal mechanisms that operate auto¬ 
matically to maintain an effective cam¬ 
ber and angle of attack in direct re¬ 
sponse to aerodynamic loading. 

Some 16 years ago R. Ake Norberg of 
the University of Goteborg in Sweden 
first emphasized the importance of 
preventing a wing of this type from 
pitching up into the wind. He showed 


that the pterostigma, a fluid-filled, of¬ 
ten pigmented cavity near the tip of 
the leading edge of many insects, acts 
in dragonflies (and probably in other 
insects) as a counterweight that oppos¬ 
es the pitching motion. 

Eimos, working on flies, has iden¬ 
tified several other such mechanisms. 
AO of them rely on the fact that the 
leading-edge spar, although resistant 
to bending, can twist to some ex¬ 
tent. [Tom this spar, several veins run 
obliquely backward and toward the 
wing tip. Ennos has shown that the 
aerodynamic force on the wing, acting 
behind the torsional axis to create the 
usual propeller-bladelike shape, twists 
the leading-edge spar and raises the 
oblique veins, automatically generating 
a cambered profile. Furthermore, the 
oblique veins are themselves twisted 
along their axes, and if they are curved 
(as they are in many dragonflies), their 
tips deflect downward, thus lowering 
and supporting the trailing edge and 
further enhancing the camber. Other 
mechanisms identified by Ennos and 
by Newman involve simple lever sys¬ 
tems within the dragonfly wing that 
lower the trailing edge when aerody¬ 
namic pressure raises the veins in the 
center of the wing. All these devices 
operate whether forces act on the wing 
venirally, as on the downstroke, or dor- 
sally, as when the wing twists around 
for the upstroke. Hence, they are ideal 
for insects that invert their wings and 
reverse their c amber. 

The wings of flies and dragonflies 
are uncoupled, but similar results arc 
achieved in wasps, hawk moths and 
some bugs. These insects have a small, 
flexible hind wing coupled tightly in be¬ 
hind the reduced davus of a modified 
type A forewing with an expanded dis¬ 
tal area. Like type C wings, the com¬ 
posite airfoils formed in this way have 
rigid anterior support and a flexible 
trailing edge. They can twisi extensive¬ 
ly, usually with the help of some trans¬ 
verse flexion. The insects that bear 
them are for the most part versatile, 
skillful fliers. 

W hat can now be concluded 
about the fossil cicadas that 
intrigued me as a graduate 
student? The relation between wing ar¬ 
chitecture and flight performance has 
become a good deal clearer. The earlier 
form from Australia is a fairly standard 
type A wing, with a well-developed 
transverse flexion line that would prob¬ 
ably have given it some degree of up¬ 
stroke twist and versatility in flight. 
The breadth of the wing, however, and 
the smaller but broad hind wing also 
recall butterflies and broad-winged 


moths, which use different techniques 
that arc not yet fully understood. 

Safer conclusions about the later 
Spanish insect can be drawn. The dif¬ 
ferent textures on either side of the 
transverse flexion line distinguish be¬ 
tween the supporting and deformable 
zones. The shift of the main wing sup¬ 
port to more anterior veins is asso¬ 
ciated with the move to a triangular 
shape. This move* coupled with the 
reduced davus, the more basal and 
more oblique flexion line, and the 
small hind wing, dearly parallels the 
evolution and appearance of wings in 
many wasps, hawk moths, aphids and 
mayflies. All these insects make exten¬ 
sive use of slow* near-hovering flight 
by beating their coupled wings in a 
horizontal plane with much twisting. 
The Spanish cicada was highly adapt¬ 
ed for a flight pattern quite different 
from any of which the Australian in¬ 
sect would have been capable. 

The better we understand the func¬ 
tioning of Insect wings, the more subtle 
and beautiful their designs appear. Ear¬ 
lier comparisons with sails now seem 
quite inadequate. The wings emerge as 
a family of flexible airfoils that are in a 
sense intermediate between structures 
and mechanisms* as these terms are 
understood by engineers. Structures 
are traditionally designed to deform as 
Little as possible; mechanisms are de¬ 
signed to move component parts in 
predictable ways. Insect wings combine 
both in one, using components with a 
wide range of elastic properties* ele¬ 
gantly assembled to allow appropriate 
deformations in response to appropri¬ 
ate forces and to make the best possi¬ 
ble use of the air. They have few if any 
technological parallels—yet. 
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From slivers of material that confine 
electrons in fewer than three dimensions 
may arise the next generation of 
electronic and optical technologies. 


TINY SURFACE EMITTING 
LASERS , measuring six mi¬ 
crons high ami one micron 
in diameter at the base, are 
each composed of more than 
30 aluminum arsenide and 
gallium arsenide mirror 
pairs. Light is emitted and 
amplified by a quantum 
well located in the middle of 
the stack. The minors trap 
light and cause multiple 
reflections to occur within 
the stack , 

The lasers are made by 
carving through a layered 
semiconductor wafer using a 
chemically assisted ion-beam 
etching technique . Before the 
devices shown could be test¬ 
ed, the stmctures had to un¬ 
dergo more processing, in¬ 
cluding the addition of thin 
metal contacts on top of 
each laser. Such microlasers, 
made at Bell Communica¬ 
tions Research r can emit sev¬ 
eral milliwatts of infrared 
light through the transpar¬ 
ent substrate at their base. 


I t’s late on a Friday evening in Red Bank, N.J., 
and most of the corridors in Bell Communica¬ 
tions Research (Bellcore) have fallen quiet. In 
one small laboratory, a lone young woman stud¬ 
ies a set of graphs glowing fluorescent green on 
her computer screen. Behind her, a blue-green 
ribbon of light from an argon laser zigzags 
through a gauntlet of lenses on a table, then dis¬ 
appears through a porthole into a stainless steel 
cylinder fed by a supply of liquid helium from a 
steaming, ice-coaled pipe. There, inside a cham¬ 
ber cooled below five kelvins, the beam runs 
squarely into its destination: a microscopic speck 
centered in a flat, black square that measures 
barely a few millimeters itself. Excited by the 
blue-green laser, the speck spits out its re¬ 
sponse—a brilliant mote of red. 

Tliis play of light intensely interests Maria 
Brasil, even if she has her back to it. How much 
light does the speck emit? At what wavelength? 
The answers lie in the slow accumulation of data 
plotted on Brasil’s computer screen. What she 
sees there will cheer her colleagues. The speck 
emits light at the precise frequency predicted by 
its builders. 

Bellcore's tiny red-light emitter, smaller than a 
grain of sand, is a harbinger of a new age of elec¬ 
tronic and optical materials, namely, that of 
“quantum” devices. Over the past few years the 
technology for manipulating and observing mat¬ 
ter on an atomic scale has advanced at an aston¬ 
ishing pace. This past April researchers at the IBM 
Aknaden Research Center in San Jose, Calif., even 
spelled out their company’s name with xenon 
atoms by using a scanning tunneling microscope. 

Although moving individual atoms is still a lab¬ 
oratory game, laying down exquisitely t hin films 
of atoms has become serious business. By con¬ 
trolling precisely the structure and composition 
of layers of materials only an atom or two thick, 
scientists are proving they can program the elec¬ 
tronic characteristics they want into a compound. 
“It’s like having your hands on the knobs of na¬ 
ture," says Mark A. Reed, a professor of electrical 
engineering at Yale University. 

The red speck at Bellcore, for example, is a 
complex tower made of slices of zinc selenide 
and zinc telluride semiconductors. Each layer is 
no more than 20 angstroms thick—several hun- 


DENSITY OF STATES 


DIMINISHING DIMENSIONS 


The dimensionality of a material can be reduced by 
sandwiching it between two layers of another mater¬ 
ial that has higher-energy electronsThis confinement 
changes the density of electron states, or specific ener¬ 
gy levels, that will be filled by incoming electrons (left). 


The current conducted by a quantum well device, shown 
by green energy levels ( right) t peaks when the energy 
level of the incoming electrons matches, or is in reson¬ 
ance with, an energy level of the quantum well. At higher 
or lower voltages, little current leaks through the device. 
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dred thousandths the thickness of a 
hair. Because these slivers are thinner 
than the characteristic wavelength of 
an electron, the particles are trapped. 

Confined in such layers, electrons 
lose a degree of freedom. From an 
electron's vantage, the thin planes in 
Bellcore's light emitter have only two 
dimensions. Scientists can reduce a 
material's dimensionality further, too. 
A narrow strip sliced from one of the 
planes would be a one-dimensional 
wire. Dicing up a one-dimensional wire 
would be the ultimate reduction. This 
step yields zero-dimensional dots. 

Reducing the number of dimensions 
of a material forces electrons to dif¬ 
ferent energy states. Creating materials 
in which electrons demonstrate these 
unusual energy states is the heart of 
research on quantum devices. By con¬ 
trolling the physical size of a struc¬ 
ture, researchers can induce predict¬ 
able changes in electron energy'. In 
this way, scientists can literally pick, 
or tune, the electronic properties they 
want. The few'er the dimensions, the 
finer the tuning. A zero-dimensional, 
or quantum, dot is considered analo¬ 
gous to custom-designing atoms. 

This modem alchemy opens the way 
for fundamentally different electronic 
and optical devices. Instead of simple 
binary, or "off-on," electronic switches 
now used in computers, workers hope 
to fabricate multiple-switch devices and 
arrange them to function in parallel. 
These could lead to more powerful 
forms of computer logic and become 
the building blocks of dramatically 
smaller and faster integrated circuits. 
Some researchers even talk enthusiasti¬ 
cally of "a supercomputer on a chip." 

Another goal is highly efficient, tiny 


lasers that could convey far more data 
along optical fiber networks than is 
now possible. Such fire hoses of data 
could pump enormous amounts of vid¬ 
eo, computer and telecommunications 
services and data directly into busi¬ 
nesses and homes. And the marriage 
of such electronic devices and lasers 
might bring into being a long cherished 
dream; optoelectronics circuits, which 
integrate electrons and photons, there¬ 
by spawning faster, more powerful 
components for computers and tele¬ 
communications networks. 

Bellcore is far from alone in its 
quest for quantum devices. The U.S. 
National Science Foundation funds a 
center at the University of California 
at Santa Barbara devoted to quantum 
confinement. IBM and AT&T Bell Lab¬ 
oratories, among others, have made 
pathbreaking contributions. Investiga¬ 
tors in Germany, England, France and, 
of course, Japan are also making great 
strides in this area. The key issue ail 
researchers face: how to fashion these 
novel materials—quantum w ? eils, wires 
and dots—into working devices. 

Dicing Up Dimensions 

On the floor of Leroy L. Chang's 
office at the IBM Thomas ). Walson Re¬ 
search Center in York town Heights, 
N.Y., is a matrix of neatly stacked 
manila files—vaguely reminiscent of 
the stacked layers of atoms that he and 
colleagues Leo Esaki and Raphael Tsu 
began toying with in the late 19(>0s. 
Their goal: to build structures that 
would trap electrons In dimensionally 
limited environments. “Confine an elec¬ 
tron in two dimensions," Chang de¬ 
clares, “and it changes everything." 


Materials that naturally confine elec¬ 
trons have long intrigued scientists. 
Graphite, an organic material that con¬ 
ducts current, consists of stacked two- 
dimensional sheets of carbon atoms. 
High-temperature ceramic supercon¬ 
ductors, such as lanthanum copper ox¬ 
ide, have two-dimensional planes of 
copper and oxygen atoms interspaced 
with planes of other atoms [see “Super¬ 
conductors beyond 1-2-3," by Robert J. 
Cava; Scientific American, August], 

To build a lower-dimensional materi¬ 
al deliberately, researchers must pay 
court to quantum mechanics. In any 
three-dimensional, bulk semiconductor, 
electrons take on a continuous range of 
different energy states when additional 
energy is added to the material by ap¬ 
plying voltage. As a result, researchers 
cannot tap a specific energy' level; they 
must accept what they get. 

Quantum-mechanical theory portrays 
electrons as both particles and waves. 
Squeezing one side of a three-dimen¬ 
sional cube until it is no thicker than 
an electron wave is long traps electrons 
in a two-dimensional plane. In two di¬ 
mensions, the so-called density of elec¬ 
tron states—the energy levels electrons 
can occupy—becomes quantized. Elec¬ 
trons jump from one energy' level to 
another in a steplike fashion. By study¬ 
ing what layer thickness induces what 
energy' level, researchers can design 
the precise electronic characteristics of 
a material. 

Electrons are not really confined by 
physical barriers, however; instead re¬ 
searchers must erect barriers of ener¬ 
gy'. Like w'afer going downhill, electrons 
tend toward low-energy areas. So to 
trap electrons, investigators need only 
sandwich a material filled with low-en- 


76 Scientific. American November 1990 



















































TWO DIMENSIONS: QUANTUM WELL 

Incorporating a single quantum well (left) into this laser 
diode (right), built at Spectra Diode Laboratories, 
improves the efficiency of the laser. The outer doped 
layers inject electrons (negative charges) and holes 


{positive charges) into the quantum well, which then 
recombine and emit photons, or fight. Because the 
quantum well contains less aluminum than the 
surrounding Layers* it is a lower band-gap material, 
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ergy electrons between two slices of 
materials with higher-energy electrons. 

The energy of electrons is described 
by band theory. The valence, or out¬ 
ermost, electrons of every atom fall 
into specific energy' bands. Metal atoms 
have only a few valence electrons at 
low energy. Because they readily swap 
these electrons with one another, met¬ 
als make good conductors. 

Semiconductors and insulators, on 
the other hand, have more valence elec¬ 
trons and are not inclined to conduct 
current. Adding a small amount of en¬ 
ergy to a semiconductor boosts some 
valence electrons to a higher-energy 
level, the so-called conduction band, 
and enables the material to carry' cur¬ 
rent. The energy needed to propel an 
electron from one band to another is 
the band-gap energy—the difference 
between the valence and conduction 
band energy levels. Because every semi¬ 
conductor demands a slightly different 
amount of added energy to trigger con¬ 
duction* some semiconductors have 
higher or lower band-gap energies than 
others. Insulators* which require tre¬ 
mendous energy to push their valence 
electrons to the higher-energy bands* 
have the largest band gaps. 

With these ideas in mind, research¬ 
ers at both IBM and AT&T tried prov¬ 
ing they could confine electrons. Esa¬ 
ki* Tsu and Chang began by alternat¬ 
ing multiple layers of gallium arsenide 
with layers of aluminum gallium ar¬ 
senide* a higher band-gap compound. 
AT&T workers had a simpler aim: to 
sandwich one thin* low band-gap mate 
rial between two higher band-gap ma¬ 
terials, thus producing a quantum well. 
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colliding with an atom or a defect* thus 
enabling engineers to build “ballistic” 
or “high electron mobility” transistors* 
Such 2DEGs are the bedrock for the 
fastest transistors. (They only achieve 
the highest speeds at temperatures of 
a few kelvins.) Unlike quantum wells, 
in which electrons push through sever¬ 
al, vertically arranged layers* electrons 
in 2DEGs must stay within the horizon¬ 
tal plane. That construction restricts 
the kinds of devices that can be built. 

Researchers returned to quantum 
wells and superlattices* which are spe¬ 
cially constructed multiple quantum 
wells* in the early 1980s, this time 
armed with highly precise fabrication 
tools. Among the biggest guns: molec- 
uiar-beam epitaxy (MBE) machines. 

At the heart of a state-of-the-art MBE 
is an iiltrahi gh vacuum chamber, which 
allows workers to deposit layers of 
atoms as thin as two angstroms on a 
semiconductor substrate. Attached to 
the vacuum chamber, like spokes on 
a hub* are three or four passages that 
lead to effusion cells. Elements such 
as gallium or aluminum are vapor¬ 
ized in these cells* then shot down the 
passages toward the substrate. By pro- 
gramming the shutters between the 
passages and the vacuum chamber* sci¬ 
entists can dictate the thickness of the 
deposited layers. All told, a full day 
must be spent to grow about eight mi¬ 
crons of semiconductor layers on a sin¬ 
gle gallium arsenide wafer. 

Compared with the next step, how- 


The efforts of both groups were 
plagued by swarms of fabrication prob¬ 
lems. tor one, how do you lay down an 
even layer of material only a few atoms 
deep? “We had to build a vacuum sys¬ 
tem ourselves” to deposit thin layers, 
Chang recalls sighing. Equally trouble¬ 
some was controlling substrate contam¬ 
ination and the alignment of the crystal 
lattices of the materials. 

In 1974* however* the researchers 
triumphed. The IBM workers demon¬ 
strated materials that had the predict¬ 
ed* steplike energy levels indicative of 
quantum confinement. Raymond Din¬ 
gle and his colleagues at Bell Labora¬ 
tories in Murray Hill* N. J.* built a sin¬ 
gle quantum well* shone laser light on 
it and found that the novel material 
absorbed different, but predicted, fre¬ 
quencies of light—an alternative indi¬ 
cation of quantum confinement. Soon 
thereafter, Esaki and Chang built the 
first real quantum well device—a reso¬ 
nant tunneling diode. 

Ballistic Transistors 

Many others jumped on a dimension- 
ally related bandwagon; two-dimen¬ 
sional electron gases (2DEGs)* in which 
electrons are trapped at the horizon¬ 
tal interface between a low' band-gap 
layer of material and a layer that is 
doped with extra charges. With these 
materials* researchers explored com¬ 
plex phenomena* namely* the quan¬ 
tized and fractional Hall elfects |see 
“The Quantized Hall Effect*" Scientif¬ 
ic American* April* 3 986]. In carefully 
constructed 2DEGs, electrons can trav¬ 
el for relatively long distances before 
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ONE DIMENSION: QUANTUM WIRE 

A transparent layer of metal covers the quantum 
wire loop built at IBM, which is used to make 
electrical measurements in a magnetic field (left). 
Quantum wires fabricated at Bellcore are formed i 
the crescent at the bottom of the V groove In a 
compound semiconductor {right). 
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ever* growing the layers is straight¬ 
forward. To make use of the quantum 
wells* researchers try to carve or pat¬ 
tern devices—such as lasers From the 
stacked layers. (Semiconductors that 
emit light when energized with light or 
electricity can be used as lasers.) 

For this purpose, Bellcore research¬ 
er Edward M. Clausen* Jr., has custom¬ 
ized a chemically assisted ion-beam 
etching machine. Using a lithographic 
process, Clausen prints a pattern on 
the wafer. Then he places it in the etch¬ 
er Med with chlorine gas to speed 
etching and bombards the wafer with 
ions* or charged atoms. In theory, the 
ions blast through any unmasked ma¬ 
terial, leaving the protected area intact. 
In practice, the ions can also irrevoca¬ 
bly damage the wafer. 

Clausen and his colleagues have 
spent countless hours trying to carve 
microscopic lasers from multiple quan¬ 
tum wells. Still* the efforts are paying 
off. Earlier this year a joint Bellcore and 
AT&T team captured newspaper head¬ 
lines after etching almost two million 
lasers in an area slightly smaller than a 
square centimeter. Unlike conventional 
semiconductor lasers that emit light 
from an edge, these lasers shine from 
either the top or bottom surface. 

Incorporating a quantum well into a 
laser brings one major advantage: such 
a device can put out light very efficient¬ 
ly* powered by much less current than 
conventional lasers require. As a result* 
quantum lasers radiate far less excess 
heat. This feature* combined with the 
small physical size of the lasers* means 


that the devices can be packaged tight¬ 
ly together. In this w ? ay* surface emitters 
that incorporate quantum wells may 
become the building blocks of opto¬ 
electronics devices, amalgamations of 
lasers and transistors working together 
on the same chip or circuit board. 

Connie Chang-Hasnain, a Bellcore re¬ 
searcher, is exploring other ways to 
exploit such lasers in communications. 
On a small video monitor above her 
laboratory table is an unwavering pic- 
lure of columns of tiny quantum well 
lasers. Each is surrounded by a metallic 
contact pad. Spindly metal probes, like 
overgrown mosquitoes* rest on three 
of the lasers’ contact pads. Chang-Has- 
nain cautiously pumps a few milliamps 
of current into the probes, “It’s easy 
to blow them out*" she explains. The 
result shows up on another computer 
screen: three distinct peaks of light. 

Chang-Hasnain’s data indicate that 
each of the lasers is emitting a different 
frequency of light. By controlling care¬ 
fully the rotation of the semiconductor 
substrate during MBE growth, she and 
her colleagues have grown a microscop¬ 
ic forest of lasers. Because each device 
has layers of slightly different thick¬ 
nesses, the lasers are unique. The best 
result so far, Chang-Hasnain believes* 
is an array of 77 lasers- each capable 
of transmitting data on its own fre¬ 
quency, Tying such a bevy of lasers to 
a fiber-optic line “would be like adding 
thousands more channels to your cable 
television," she says. 

Still, the marriage of optical and elec¬ 
tronic components will be far from 
trouble free, cautions Paul l, Gourley* 
an investigator ai Sandia National Lab¬ 
oratories in Albuquerque. Gourley, who 
is also building arrays of surface-emit¬ 
ting lasers* agrees the devices show 
the potential for high efficiencies. But 
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coupling tiny lasers to optical fibers re¬ 
quires enormous precision* he points 
out. In addition, because light waves 
remain in phase—or have a longer co¬ 
herence length—than do waves of elec¬ 
trons, building integrated optoelectron¬ 
ics components may prove extremely 
challenging, he says. 

Pracdcal Dimensions 

Others continue to worry about the 
grittier problems of making the lasers, 
“Until a year ago it was so damn hard 
to make them," says Ann C. Von Leh- 
men, another member of the Bellcore 
team. Turning ihese laboratory proto¬ 
types into dependable* mass-produced 
devices will demand painstaking work. 

Case in point: after more than 15 
years of research, few quantum well la¬ 
sers have reached the marketplace. One 
is a single quantum well* edge-emitting 
laser built by Spectra Diode Labora¬ 
tories in San Jose* Calif. The 100-mil¬ 
liwatt device can convert as much as 
60 percent of the electricity fed into it 
to light—twice as much as comparable 
semiconductor lasers. (Arrays of such 
lasers emit more light but have lower 
overall efficiencies.) Nevertheless* such 
lasers have to be built one at a time. 

like Clausen at Bellcore* John N. Ran- 
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POLYMERS THAT CONDUCT IN ONE DIMENSION 


I t was 1975, and Alan C. MacDiarmid, a chemist at the 
I University of Pennsylvania, had just given a guest lee- 
I ture at the Tokyo Institute of Technology. His hosts treat- 
ed him to a cup of green tea, he recalls, then took him on 
a tour. In the laboratory of Hideki Shirakawa, the New Zea¬ 
lander saw a silvery film that delighted him. "I had never 
seen a silver polymer,” MacDiarmid says, "It looked pretty. 
So I invited Shirakawa to work at our laboratory." 

Polymer chemists had not gone looking for one-dimen- 
sionai electronic systems, but they found them in Shira- 
kawa's polymer films. The materials turned out to be a 
novel form of polyacetylene, a simple polymer that has a 
backbone of carbon atoms with a hydrogen atom attached 
to each carbon. Like most organic compounds, polyatetyh 
ene was an insulator: its atoms, 
which are linked by single cova¬ 
lent bonds, have their full share 
of valence electrons, leaving no 
room for additional electrons to 
carry current. But in synthesiz¬ 
ing the material, Shirakawa had 
accidentally created a polymeric 
film with a useful bond struc¬ 
ture between atoms—namefy, 
alternately double and single 
bonds—and so forged a path for 
electrons. 

Working together, MaeDiar- 
mid, Shirakawa and Alan J. Hee- 
ger (also then at the University 
of Pennsylvania) soon tried dop¬ 
ing the polymer films—adding 
or removing electrons. In doing 
so, they created energy bands 
between the valence and con¬ 
duction bands. As a result, the 
silver films took on golden hues 
and became conductors. 

Since then, researchers have 
found families of other conducting polymers, such as poly¬ 
aniline, which includes nitrogen atoms in the backbone 
chain, and polythiophene, which has sulfur [see "Plastics 
That Conduct Electricity," by Alan G. MacDiarmid and 
Richard B. Kaner; Scientific American, February, 1988]. 

microscopic tweezers* The physical characteristics of 
these polymers—namely, that they are exceptionally light¬ 
weight conductors—provoked early excitement. Light¬ 
weight aircraft skins and automobile batteries were among 
the first proposals. Since adding and subtracting electrons 
from conducting polymers changes them from conductors 
Into insulators, rechargeable batteries have been built from 
the materials. 

Doping and undoping also changes the length of con¬ 
ducting polymers by as much as 10 percent. As a result, 
Raymond Baughman, a scientist at Allied-Signal, envisions 
using conducting polymers as an efficient means for con¬ 
verting electrical energy into mechanical energy. He and his 
co-workers have designed microactuators, such as micro¬ 
scopic tweezers for plucking micron-size objects. 

Exploiting the electronic possibilities created by the poly¬ 
mers 1 quasi one-dimensional structure, however, has taken 
longer. Investigators are still puzzling out just how poly¬ 
mers carry charge and how to better that conductivity. 
What they do know is that electrons travel along a polymer 


chain—a one-dimensional wire—until they run into a defect 
or a break in the chain. Because electrons act like waves, 
they bounce off the barrier, doubling back along the path 
they came. If the electrons continue to bounce back and 
forth between two defects* they will create a standing 
wave. This action can pin the charge to one area of the 
polymer, reducing the overall conductivity of the polymers. 

Chain mopitnc;. Electrons can escape this trap—and dra¬ 
matically improve the conductivity of the material—if they 
"hop" to a nearby polymer chain before establishing a 
standing wave. (This sideways hopping is what makes 
polymers quasi one-dimensional systems.) Electron hop¬ 
ping could be much like the tunneling that electrons do 
when confined in semiconductors, Baughman points out. 
The overall conductivity of a 
polymer will depend on how far 
electrons travel before running 
into defects, as well as how easi¬ 
ly they hop from chain to chain. 
Both factors are related to the 
concentration of defects along a 
polymer chain. 

Some polymers exhibit inter¬ 
esting optical characteristics. The 
polymers can transmit light from 
a laser. And because of the way 
the polymers share electrons, 
increasing the intensity of light 
will tune the materials' optical 
properties. 

light switches. Some work¬ 
ers hope to use this trick to 
make all-optical switches, which 
use light to control light. Shahab 
Etemad of Bellcore is developing 
one such polymeric switch based 
on two identical threads of poly¬ 
diacetylene that run parallel to 
each other in a block of glass. 
The lines, which are no thicker than the wavelength of light 
that they will transmit, are coupled waveguides. As a re¬ 
sult, shining low-intensity laser light along one line causes 
the light to oscillate back and forth between the two lines. 

To turn the waveguides into a switch, Etemad increase 
es the intensity of laser light, which immediately changes 
the index of refraction of the top line. This make the lines 
no longer identical, and so the waveguides become de¬ 
coupled. By shortening the lines precisely, Etemad ensures 
that only high-intensity light will emerge from the top line 
and low-intensity light from the other. The time it takes to 
"switch" on (or off) one polymeric thread is only a femto¬ 
second (10 “ 15 second) laser pulse. This change is far faster 
than any semiconductor switch can manage. Tm not say¬ 
ing that it’s going to be used in the telephone system to¬ 
morrow," Etemad says* but at least in the laboratory the 
switch looks good. 

As is the case with semiconductors, just how far investi¬ 
gators will be able to push the conductive and optical prop¬ 
erties of polymers depends on how easily the materials can 
be processed and on how precisely their electrical proper¬ 
ties can be controlled. Points out Baughman: “The dream 
of the future—of easily processable conducting polymers— 
depends on our being able to manipulate defects and in¬ 
crease the strength of the chain interactions.” 



ALAN G, MACDIARMID was an early developer 
of conducting polymers , Doped polyaniline (right) 
will conduct; the undoped sample (left) will not . 









ZERO DIMENSION: QUANTUM DOT 

AT&T investigators are building dots in an in situ 
vacuum process (left, this page). Lithograph [cal ly de¬ 
fined dots built at fBM may be used as capacitors. In 
these devices, electrons are confined at the interface 
between the layers of aluminum gallium arsenide and 
gallium arsenide (right, this page), Texas Instruments 1 
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array of dots (left, next page) may be used as trans¬ 
istors, Chemists fabricate dots by capturing dusters 
of atoms (such as cadmium, in orange, and sulfur, in 
yellow) in zeolite cages as shown in this computer 
simulation by Galen D, Stucky at the University of 
California at Santa Barbara (right, next page). 
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dall, a re searcher at Texas Instruments 
in Dallas, spends most of his time carv¬ 
ing through layers of quantum wells. A 
principal difference: Randall wants to 
make transistors. 

So far integrated-circuit makers have 
thrived by forcing chip designs ever 
smaller and by building ever tinier tran¬ 
sistors, or switches. But when circuit di¬ 
mensions approach the size of an elec¬ 
tron wavelength, electrons begin leak¬ 
ing through the device, preventing 
transistors from truly switching off. 
“We anticipate the first real problems 
in the latter part of the decade," when 
chip makers try to push circuit designs 
tighter than .25 micron, or 2,500 ang¬ 
stroms, says Robert T. Bate, who is 
Randall's boss and manager of TI's 
quantum work. 

Randall and his colleagues hope to 
skirt that pitfall by exploiting quantum 
effects to build transistors far smaller 
than the troublesome 2,500 angstroms 
[see “The Quantum-Effect Device: To¬ 
morrow's Transistor?” by Robert T. 
Bate; Scientific American, March, 
1988]. To do so, they are developing 
sophisticated descendants of the early 
resonant tunneling diodes. One notable 
success: the BiQuaRTT, or bipolar quan¬ 
tum resonant tunneling transistor. 

All varieties of resonant tunneling di¬ 
odes and transistors play by the same 
basic rules, explains Reed, one of the 
key BiQuaRTT designers, who recently 
left TJ for Yale University. Start with a 
thin quantum well layer sandwiched 
between two equally thin but higher 
band-gap layers. Apply a voltage. At 
many voltages, electrons are prevented 
from flowing through the layers of the 


device by the high band-gap barriers, 
and the device conducts little current. 

Nevertheless, according to quantum 
mechanics, there is some probability' 
that electrons can “tunnel" through the 
barriers. The odds of tunneling can be 
improved by applying just the right 
voltage to the device. At these specific 
voltages, the energy of the incoming 
electrons matches the energy levels of 
the quantum well. Electrons then tun¬ 
nel through the barriers, and current 
flows. “It's like playing a flute," Reed 
says. “You only get out those notes 
that you want," 

Of course, one transistor does not an 
integrated circuit make. (Some integrat¬ 
ed circuits have far more than a mil¬ 
lion transistors.) Researchers at Fuji¬ 
tsu have connected as many as five or 
six resonant tunneling transistors in 
series with high-speed switches. Sever¬ 
al U.S. government agencies are fund¬ 
ing a few research teams to develop 
more complex circuits and devices. 

Texas Instruments is among them; 
sometime within the next 30 months, 
workers there hope the BiQuaRTT will 
prove able to handle complex logic 
and so become the stuff of circuits that 
are orders of magnitude smaller than 
today's devices. In addition, “we want 
to take advantage of the strange char¬ 
acteristics of these devices," Randall 
explains. Because tunneling readily oc¬ 
curs at two different voltages, “we’ve 
got a device that goes ‘off-on, off-on'" 
at two different voltages, he says. Now 
he hopes to show that such a switch 
can replace a few conventional transis¬ 
tors and that mulliple RiQuaRTTs will 
work together. 


INDIUM PHOSPHIDE 
INDIUM GALLIUM ARSENIDE 



If two dimensions are promising, 
then one or zero dimensions look even 
better. Electrons scatter less when trav¬ 
eling through quantum wires, attain¬ 
ing higher mobilities—and so make for 
faster switches. Quantum wire lasers 
could be powered by far less current 
and thus radiate less heat than their 
two-dimensional cousins. 

Wiry Semiconductors 

So much for theory. To make quan¬ 
tum wires, workers must wall up four 
sides of a low band-gap materii with 
higher band-gap barriers thin enough 
to let electrons tunnel through on com¬ 
mand—about an electron wavelength 
thick. Exercising the precise control 
needed to make such vertical walls is 
tricky; it has pushed some researchers 
to restudy how layered semiconductors 
are created in the first place. 

At the four-year-old Optoelectronics 
Technology' Research Laboratory, locat¬ 
ed about an hour northeast of Tokyo in 
Tsukuba Science City, Toshiro Isu is 
watching his scratchy, black-and-w'hite 
videotape once again. Since January, 
Isu, a researcher at the laboratory, has 
recorded moving pictures of layers of 
gallium and arsenic growing inside an 
MBE vacuum chamber. In the images, 
dumps of millions of gallium atoms 
form in several seconds, then seem to 
melt into the existing arsenic layers. 
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What Isu would like to know is why the 
clumps appear at random locations 
and what effect they have on the uni¬ 
formity of the crystal layers. 

"Nobody knows how molecular- 
beam epitaxy actually occurs, how the 
layers of gallium and arsenic combine,” 
observes Izuo Hayashj, director of the 
lab and one of the inventors of the 
semiconductor Laser. He believes that 
before highly confined devices such as 
quantum wires and dots can be rou¬ 
tinely fabricated, researchers must im¬ 
prove their understanding of what hap¬ 
pens on an atomic level during epitaxi¬ 
al growth and etching. 

Efforts to build quantum wires and 
dots continue, nonetheless. Many inves¬ 
tigators are trying the same techniques 
they use for making quantum wells. 
But because a quantum wire or dot is 
significantly smaller than a quantum 
well, bombarding a material with ions 
can ravage the crystal lattice. 

As a result, researchers are looking 
for other approaches. " Rather than just 
cutting [etching through the semicon¬ 
ductor], we need to make use of some 
natural tendency of the material,” Ha- 
yashi says. His team would like to con¬ 
trol the edges of atomic layers as the 
material grows in an MBE. Yet success 
has remained just out of reach. 

Many groups are trying different 
schemes, Pierre M. Petroff, .Arthur Gos- 
sard and their colleagues at the Univer¬ 
sity' of California at Santa Barbara, for 
instance, grow quantum wires in an 
MBE by stacking elements, one atom¬ 
ic layer at a time, on terraced steps in 
a semiconductor substrate. This tech¬ 
nique produces vertical—or often, tilt¬ 
ed—quantum wells measuring 50 ang¬ 
stroms on a side, which can be made 
into quantum wires. It nonetheless re¬ 
quires agonizing precision. More re¬ 
cently they have tried continuously 
changing the time that each atomic lay¬ 
er is allowed to grow on the surface so 
that the resulting layers snake back 


and forth rather than lining up in 
straight or tilted stripes. In this “serpen¬ 
tine superlattice,” the quantum wires 
are formed at the bends of the curves, 
res id ting in more uniform arrays of 
wires than early techniques afforded. 

Others have developed variations on 
etching. Eh Kapon and his colleagues 
at Bellcore created a V-shaped groove 
in a semiconductor substrate, then de¬ 
posited a lower band-gap material in 
the base of the V, Kapon’s team has 
even built lasers from one to three 
quantum wires. Such lasers chum out 
light when powered with only .65 mil- 
liamp at room temperature, an ex¬ 
tremely Low r laser threshold. 

At the University of Stuttgart, B. E. 
Made and his colleagues traced a pat* 
tern of wires onto a substrate using 
reactive-ion beams, cleaned the wires 
carefully with a chemical solvent and 
then "buried" the wires by covering 
them with a semiconductor layer us¬ 
ing a deposition technique akin to 
MBE called metallorganic vapor-phase 
epitaxy' (MOVPE). 

Nevertheless, investigators continue 
to debate whether these techniques— 
or any other ones—have yielded die 
distinct splitting of electron energies 
that should characterize a quantum 
wire. Most of these wires are too thick, 
The larger the devices, the smaller the 
energy splittings, and the harder to say 
conclusively: this is a quantum wire. 

The Zero Zone 

At che end of the quantum rainbow 
are quantum dots. These are often 
called artificial atoms, even though the 
particles may consist of thousands or 
hundreds of thousands of atoms. Con¬ 
fined in a dot, or box, electrons should 
occupy discrete energy levels. It should 
be possible, therefore, to dial up pre¬ 
cise energy levels by adjusting the con¬ 
struction of the quantum box and by 
varying the applied voltage. 


On the edge of central Tokyo, amid 
weeds and straggly trees, is the un¬ 
kempt Komaba research park, a part 
of the University of Tokyo, In a mod¬ 
est, two-story brick building built some 
60 years ago is Yasuhiko Arakawa’s lab¬ 
oratory. As is traditional in Japanese 
homes, visitors entering .Arakawa’s lab¬ 
oratory slip off their shoes and don 
plastic sandals. But there is another rea¬ 
son for changing footwear; around the 
comer from .Arakawa’s spartan office is 
a high-quality clean room packed with 
$10 million in equipment for building 
quantum devices. 

Ln 1982 Arakawa and his mentor 
Hiroyuki Sakaki proposed the concept 
of quantum boxes, or dots. They have 
yet to construct a working set, howev¬ 
er. “It is very difficult to realize a real 
quantum box with 100-angstrom spac¬ 
ing [along all six sides],” Arakawa says. 
"Nobody has succeeded in fabricating a 
real quantum box laser,” he insists. 

Indeed, making quantum dots with 
semiconductor technology seems an 
exercise in exponential complications. 
Processing complexity increases “in 
some nonlinear way” says Kathleen 
hash, a researcher at Bellcore. Stating 
that a dot "works” guarantees con¬ 
troversy. And a single dot on its ovm 
is not particularly useful, investigators 
must find ways to manufacture col¬ 
lections of dots and then to integrate 
them into devices. 

Chemists, however, have had extra¬ 
ordinary' success in making quantum 
dots—although not ones yet suitable 
for devices. In his office at Bell Labs, 
Michael L, Stdgerwaid keeps a collec¬ 
tion of small vials. Each is filled with 
a vividly colored powder—yellow, or¬ 
ange, red, black. "They’re all cadmium 
selenlde,” he says, almost with awe. 
Each vial holds different-size clusters— 
essentially quantum dots—of cadmium 
and selenide atoms. 

The different-size dusters have un¬ 
usual physical properties, such as in- 
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creased hardness' they also absorb 
particular frequencies of light. The 
yellow powder, for example, consists 
of cadmium selenide clusters roughly 
15 angstroms in diameter—about 100 
atoms. Red clusters measure 40 ang¬ 
stroms across (about 1,200 atoms). The 
frequency of light absorbed reflects the 
band-gap energy of the duster. The 
smaller the duster, the larger the band- 
gap energy, Steigerwald explains* So 
changing the size of dusters times the 
energy level of a material. 

To make clusters, the chemists cap¬ 
ture tiny groups of atoms in sheaths 
or in cages, A few years ago Steiger- 
wald’s colleague Louis E. Brus found 
he could suspend tiny dusters of cad¬ 
mium selenide, ranging from 10 to 100 
angstroms in diameter, in a solution. 


Later Brus and Steigerwald, a synthetic 
chemist by training, began wrapping 
the clusters in soapy films of organ¬ 
ic polymers that dried and molded 
around the atoms. Such sheaths keep 
the atoms from recombining when 
they are taken out of solution. Others, 
including Galen D, Stucky and his team 
at the University of California at Santa 
Barbara, are trying to stuff atomic dus¬ 
ters into porous glasses or zeolites, 
which act like cages. Still others, work¬ 
ing with metals, use lasers to chip 
metallic clusters from larger materi¬ 
als [see “Microdusters, 11 by Michael A. 
Duncan and Dennis H. Rouvray; Scien¬ 
tific American, December, 1989 ]. 

Yet although chemists can make far 
smaller clusters, or quantum dots, than 
can lithographers, there is a catch. In 


any batch of dusters, sizes will vary, 
on average, by about 10 percent, Stei¬ 
gerwald says. That variation is far too 
great for electronic or optical devic¬ 
es, which demand arrays of identi¬ 
cal dusters. “I don't know a good way 
to answer that problem," Steigerwald 
concedes. “There are lots of ways to 
dream about, hut the world will need 
another inspiration. 1 ' 

A California team hopes to have one 
answer for him. Recently Kerry J. Va- 
hala, a physidst at the California In¬ 
stitute of Technology, teamed up with 
a chemist and an engineer to build a 
system for separating dusters with a 
laser beam. Vahala's team will begin 
testing their idea early next year when 
their equipment is up and running. The 
plan: form a batch of semiconductor 


ELECTRONS TRAVELING ONE BY ONE 


C urrent in conventional electronic devices is considered a 
kind of flowing river of electrons, in which the electrons 
are as uncountable as molecules of water. Reduce the 
dimensions of the material, and the energy of those electrons 
becomes quantized, or divided into discrete increments. Still, 
the precise number of electrons defies calculation. 

Now researchers at Delft University in the Netherlands, the 
Centre d’Etudes Nucleates de Saclay in France, Chalmers Uni- 
versity of Technology in Sweden and Moscow State University 
have shown they can count the individual electrons that make 
up a weak current, instead of quantized electron energy, they 
and many others are studying quantized electron charges. 

The implications of the efforts are twofold: devices that 
clock individual electrons may produce a new, highly precise 
measurement standard for current. Longer term, currents com¬ 
posed of single electrons could lead to alternative schemes for 
very small-scale electronic devices. 

syncopated electrons. The basic design for a single-elec¬ 
tron device calls for a central aluminum electrode of about one 
micron long and coated with aluminum oxide. This bar over¬ 
laps with two symmetrically arranged metallic electrodes on ei 
ther side. Although small, the de¬ 
vice is not a dimensionally con¬ 
fined system, points out Theodore 
A. Fulton of AT&T Bell Laborato¬ 
ries, who has also been building 
single-electron devices. 

Apply a voltage across this de¬ 
vice, and it behaves like a conven¬ 
tional resistor. But at temperatures 
of about one keivin and voltages 
of a few tenths of a millivolt, the 
resistance increases dramatically. 

No current will flow through the 
device because the electrons have 
insufficient energy to charge the 
central bar. Increasing the voltage 
to about one millivolt gives elec¬ 
trons just enough energy to tun¬ 
nel from the voltage-carrying elec¬ 
trode into the central electrode. 

Only one election at a time suc¬ 
cessfully tunnels through to the 


bar, however. This happens because an incoming electron 
charges the bar, thereby raising the energy barrier the next 
electron would have to overcome to reach the bar. When the 
first electron leaves the bar, the bads charge falls. The flow of 
electrons consequently becomes highly syncopated: one elec¬ 
tron must leave the central bar before another can enter. 

one in a thousand. To employ this single-electron effect 
in a precise standard for current, researchers at Delft and 
Saclay synchronized a single-electron current with a radiofre¬ 
quency signal. The workers first construct a series of small 
electrodes. By attaching additional voltage sources to the elec¬ 
trodes, the energy barriers of the device can be raised or low¬ 
ered, The investigators then couple one secondary voltage 
source to a radiofrequency signal and let the signal meter the 
electrons through the device, one per cycle. "They’ve been suc¬ 
cessful as near as you can measure it, 11 Fulton says. 

So far the workers have recorded current of a few pico- 
amps—plus or minus a few femtoamps—at frequencies of 
about five to 20 million electrons per second. Their measure¬ 
ments are therefore precise to one electron within 1,000. For 
them to top the existing standard for current, precision to bet¬ 
ter than one in ID million would 
be necessary, Fulton notes. 

The gates built at Delft and 
Saclay operate much like a sim¬ 
ple shift register, an electronic de 
vice for storing binary numbers. 
Moreover, single electron devices 
may prove easier to fabricate than 
quantum wires and dots; the met¬ 
al gates do not rely on complex 
junctions of different compound 
materials. 

But demonstrating physics prin¬ 
ciples is a far cry from building 
devices. So far ail the research 
has taken place at temperatures 
near one keivin. Whether the sin¬ 
gle-electron effects will hold up as 
workers try to raise the tempera¬ 
ture remains to be seen. Adds Ful¬ 
ton: "I'm glad to say that I don’t yet 
know the answer to that question." 
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dusters in a gas stream, ihen locus a 
laser on the particles. Those dusters 
with energy levels that resonate with 
the laser should be knocked out of the 
batch and can later be deposited on 
a substrate. "It's highly speculative," 
Vahala acknowledges. "But over time, 
crazy things become doable.” 

Another avenue taken by Kash at Bell¬ 
core takes advantage of the stress and 
resulting deformations created when 
one material is grown on top of anoth¬ 
er in a specific pattern. "Normally you 
don’t want stressed materials,” she 
adds. But in a jujitsu maneuver, she 
began purposely stressing materials to 
create lower band-gap regions—and so 
form quantum dots. 

Most workers nonetheless contin¬ 
ue to try to exploit lithographic tech¬ 
niques—but with twists. At AT&T, 
Henryk Temkin is making dots with 
different semiconductor compounds— 
indium phosphide and indium gallium 
arsenide, which emit a frequency of 
light that can be transmitted over opti¬ 
cal fibers with little attenuation. More¬ 
over, by containing all the fabrication 
steps within a single, high-vacuum en¬ 
vironment—a trick pioneered by Haya- 
shi ’s team—Temkin reduces the possi¬ 
bility of contamination and produces 
be i ter-quali ty dot s. 

At many other universities and com¬ 
panies, researchers are honing their 
skills in etching the small devices. 
.Among the groups singled out in the 
held as having achieved highly prom¬ 
ising results are teams at the Universi¬ 
ty' of Glasgow, Delft University in the 
Netherlands and Texas Instruments. 

Two years ago at TI, Reed and Ran¬ 
dall successfully made a single quan¬ 
tum dot. Because it was isolated from 
any other device, the dot “wasn’t use¬ 
ful, but it worked," Reed says. 

Schemes for connecting an array of 
dots into a larger circuit or system have 
remained elusive. “You could make 
dusters electrically active by contact¬ 
ing them with a conducting polymer ” 
Steigerwald muses. “That's not quite 
sdence fiction, but it's in the future,” 

Randall continues to explore electri¬ 
cal links. “My biggest headache ” he 
grouses, “is making good contacts to 
quantum dot posts." If he succeeds, he 
and his colleagues will try' to employ 
each dot in an array as a computing el¬ 
ement. Because each dot can have mul¬ 
tiple energy states, one dot could re¬ 
place several conventional transistors. 

Such dots might also enable the Tl 
team to try out a novel interconnec¬ 
tion scheme called cellular automatons. 
Instead of connecting transistor dots 
one after another tn a series, every dot 
w'ould talk to only four of its nearest 


LIGHT FROM KRYPTON ION LASER (left) excites a quantum well surface-emitting 
laser (on microscope stage}, which emits an infrared beam (right) in this exper¬ 
iment at Sandia National laboratories. (The infrared beam has been made visi¬ 
ble by running the light through an optical conversion material.) A television mon¬ 
itor displays a cross-sectional profile of the beam from the surface-emitting laser. 


neighbors. By contacting the dots on 
the edges of the array, it should be pos¬ 
sible to trigger the operations of in¬ 
ner dots. This would transform the cir¬ 
cuit into a massively parallel system in 
which many transistors operate simul¬ 
taneously rather than sequentially. 

A1 though this architecture would be 
inefficient with today’s transistors, it 
might make sense with quantum dots 
that are more than a single switch, Ran¬ 
dall suggests, "Downscaling will contin¬ 
ue, and eventually it's going to crush 
down to dots,” he says. “ We’ll need in¬ 
teresting [dot] coupling designs when 
we get there." 

Just when workers will “get there" re¬ 


mains uncertain, and time is growing 
short. Those building telecommunica¬ 
tions networks are demanding more 
efficient lasers for pumping additional 
data across the lines. Chip makers wor¬ 
ry that the ability' of conventional lith¬ 
ography to pack more devices onto a 
chip will stall by the end of the 1990s. 
That, points out Robert E. Nahory, who 
manages Bellcore’s semiconductor ma¬ 
terials research, makes now “the time 
for innovation." 


With reporting by correspondent Tom 
Koppel in Toky o. 
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SCIENCE and BUSINESS 


Electronic Earful 

Cochlear implants sound 
better all the time 


I magine threading a wire through a 
snail shell a millimeter wide at its 
widest point. The wire is an elec¬ 
trode, the bony spiral a region of the 
inner ear known as the cochlea. The 
reason for traveling this path? To stim¬ 
ulate the nearby auditory nerves elec¬ 
trically so a deaf person can perceive 
sound. This concept was hyped well 
before the hrst cochlear implant was 
approved for use in adults by the Food 
and Drug Administration in 1985. One 
speaker at a meeting of the National 
Academy of Sciences went so far as to 
declare, "We are going to clear out the 
schools for the deaf." 

That has not happened and won’t. 
Only people with profound sensori¬ 
neural hearing loss in both ears who 
cannot be helped by hearing aids can 
receive cochlear implants. This type 
of deafness is caused by damage to 
the 12,000 sensory' hair cells that line 
the normal cochlea and transform the 
mechanical vibrations of sound waves 
into nerve impulses. Implants use elec¬ 
trodes as stand-ins for the cochlear hair 
cells. So far fewer than 3,000 devices 
have been implanted, although hearing 
experts estimate that 250,000 or more 
patients could derive benefits. But coch¬ 
lear implants have improved consider- 



Megawatt light bulb, 
gradient lenses, 
molecular computers 

ably during the past five years and may 
soon attract more candidates. 

The first versions to be approved by 
the Ida collected sound and transmit¬ 
ted it by electrical induction through 
the skin to a lone electrode in the in¬ 
ner ear. Such single-channel devices 
made by 3M Company and others could 
help just a few patients to comprehend 
speech, whereas most people got only 
the marginal benefit of sound aware¬ 
ness. They are no longer sold in the 
U.S., observes Bruce J. Gantz, director 
of the Cochlear Implant Research Cen¬ 
ter at the University' of iow ? a. "It be¬ 
came pretty obvious that multichannel 
devices are superior,” he says. 

One such device, a 22-channei im¬ 
plant made by Cochlear Corporation 
in Englewood, Colo., earlier this year 
became the first to win id A approv¬ 
al for use in children between two and 
17 years of age. Previously only adults 
who lost their hearing after acquiring 


speech were eligible for implants of 
any kind. 

In Cochlear’s device, a battery-pow¬ 
ered speech processor worn on the 
belt or in a shirt pocket selects and 
encodes a range of sound “features,” 
from the low frequencies of aah's to 
the peaks of t&st. Coded digital sig¬ 
nals are then transmitted to the elec¬ 
trodes implanted in the inner ear via 
radio frequency transmission. Presi¬ 
dent Ronald E. West notes, “ WeTe try¬ 
ing to help with sorting out and pro¬ 
cessing the frequencies most impor¬ 
tant to speech comprehension.” 

Even more electrodes are planned For 
future models. "The results indicate 
that more sthnuLation is better, al¬ 
lhough it’s not a Unear relationship,” 
declares Graeme M. Clark, a research¬ 
er at the University of Melbourne in 
Australia. Clark developed the digital 
speech processor in Cochlear’s appara¬ 
tus and has studied cochlear implants 
since 1967. He suggests that if a par¬ 
ticular frequency is very important, it 
might help to stimulate not just one 
but several electrodes in an area. 

No matter the number of electrodes, 
one design consideration stirs endless 
debate among manufacturers: What is 
the best way to process sound? One 
promising strategy has been developed 
by Blake S. Wilson and co-workers at 
Research Triangle Institute and Duke 
University in North Carolina. {The work 
is supported by the Neural Prosthesis 
program of the National Institutes of 
Health.) The approach presents sound 
as high-speed, nonoverlap ping electric 
pulses. “We used to send signals a max¬ 
imum of 300 times a second. Now r we 
send them 1,000 times a second,” he 
explains. 

Patients arc achieving improvements 
in speech comprehension of 5 to L62 
percent when this pulsed strategy is 
used, Wilson reports. Rapid pulses let 
patients appreciate the temporal de¬ 
tails of speech, crucial to the identifi¬ 
cation of most consonants, he explains. 
To perceive the word “pop,” for exam¬ 
ple, a person needs to bear the two si¬ 
lences between the p’s on either side of 
the aah . ‘Tt’s like television, where sta¬ 
tionary pictures are sent fast enough to 
be seen as a whole,” Wilson says. 

Yet pulsed sound delivery may be 
more effective for some patients than 
others. Gantz observes, “ It may be that 
some patients, such as those with poor 
nerve survival, respond better to ana¬ 
log sound transmission.* Analog trans- 
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City of Frankfurt 
during 

a power failure. 



/lEG secures power supply 
with its mtefiigent end en¬ 
vironment compatible sys¬ 
tems. 


Of course: lights are on, lifts are working, 
computers are calculating and people are at 
work in hospitals. 

The reason for that: AEG's highly responsive 
systems - developed with the aid of modern 
technology and human intelligence - react 
Immediately when needed to ensure a constant 
power supply. 

Uninterrupted power supply is an important 
precondition for a modern way of life. But in 
times of growing resource and environmental 
problems it is essential that available energy is 
used and distributed as efficiently as possible. 


1225E 


AEG’s technical staff makes full use of the 
man ifold applications of microprocessors, opti¬ 
cal fibre cables and integrated control equip¬ 
ment, A wide range of installations, products 
and systems is designed in modem plants for 
an effective power distribution and an economi¬ 


cal use of resources. 

AEG’s experience thus guarantees that the 
availability of energy can be relied upon all 
limes. 


Future is redefining energy 


AEG. Memberof the 
Daimter-Benz-Group. 


AEG 










mission compresses a wide range of 
frequencies into a smaller dynamic 
range. The sound is sent in continuous¬ 
ly varying waves. Because it is still not 
possible to predict preoperatively how 
a patient will respond to a particular 
strategy of sound conversion, compa¬ 
nies are keeping their options open, 

14 Since nobody else can come to 
agreement on how to process sound, 
we figured we weren't smart enough to 
do it either," says Joseph H. Schulman, 
chief scientist at MiniMed Technologies 
in Sylmar, Calif. So his company is de¬ 
veloping a 16-channel implant that can 
work with digital or analog processors, 
pulsatile or not, over large or small 
dynamic ranges. Schulman expects the 
device to be in dinicai trials within a 
few months. 

Smith & Nephew Richards, Inc., as 
well, is looking at combining both ana¬ 
log and pulsatile approaches in the 
same device. The Memphis, Term,, firm 
has an implant trade named Ineraid in 
clinical testing. It sends simultaneous 
stimulation to four of six electrodes. 

Where the stimulation occurs in the 
cochlea may be just as important as 
the intensity of the stimulation, sug¬ 
gests Margaret W. Skinner, director of 
die cochlear implant program at Wash¬ 
ington University School of Medicine in 
St, Louis. One of the most desirable 
goals—and most daunting obstacles— 
is to assign frequency bands to dif¬ 
ferent electrodes so that signals are 
sent to the propcT place hi the coch¬ 
lea. Low frequencies stimulate regions 
deepest inside the cochlea; higher ones 
those in the outer spiral. "Where do 
the maximum comfort levels sit when 
ah Lhe electrodes are playing—do some 
need to be eliminated because they're 
not contributing or are detracting?” 
Skinner asks. 

Researchers are eager to advance 
the trend toward implanting younger 
patients so they can take full advan¬ 
tage of the time when speech devel¬ 
ops readily, Gant/, says, 11 We’re trying 
to find out if there's a critical window' 
in which the devices work best.” 

That goal will be particularly chal¬ 
lenging in children younger than rwo 
years. Clark explains that although ev¬ 
eryone's cochlea is adult size at birth, 
there will be growth in the rest of 
the cranium. “We need some system 
of wire lengthening so that the wire 
can be extended without being bound 
down by scar tissue or pulled out.' 1 It 
has been done in children older than 
two years by neatly looping wire in a 
flat bag. “The technique sounds rather 
low tech,” he says apologetically, then 
chuckles. “It's about the only aspect of 
this field tha t is.” De bomb Erickson 


Bug-Eyed 

Gradient-index lenses 
bend light to order 


I n human and insect eyes the light is 
bent at an ever increasing angle as 
it moves through tissue. This pro¬ 
vides more focal power by shortening 
the length at which rays are focused. 

Unfortunately, the lenses in eyeglass¬ 
es, cameras and other common optical 
devices do not usually work so well. 
That's because the spherical surfaces 
of these lenses refract light rays at 
their curved edges more than they do 
at the center. This spherical aberration 
creates a fuzzy image that results from 
diversion of some of the light from 
its desired focal point. The lens maker 
can make corrections by painstakingly 
grinding a lens into an aspherical shape 
or by adding more lenses, which can 
introduce new defects of their own. 

Since the turn of the century, optical 
designers have been trying to imitate 
bug eyes by making lenses from glass 
in which the refractive index varies as 



GRADIENT-INDEX LENSES can correct 
for spherical and other optical aberra¬ 
tions by continuously changing the re¬ 
fractive index (bottom). Light rays hit¬ 
ting a conventional tens, with its single 
refractive index (top), may fail to reach 
a single focal point. Isotec’s gradient- 
index glasses (photograph), which are 
being developed into lenses t can bend 
light independent of wavelength or sur¬ 
face curvature , 


light rays move through the lens. But 
building such gradient-index properties 
required sophisticated computers to 
work out the cumbersome calculations. 

Today a handful of companies are 
producing what are known as GRIN, or 
gradient-index, lenses. The lenses have 
a refractive index that varies either 
from center to edge, a radial gradient, 
or from front to back, an axial gradi¬ 
ent. A lens with a radial gradient focus¬ 
es light more strongly, allowing it to 
reach a focal point from an u nground 
flat surface. By contrast, a lens with 
an axial gradient requires grinding a 
spherical surface. 

Even with computers, GRIN materi¬ 
als are still tricky to produce. Most are 
made using an ion-exchange process in 
which an ion such as potassium from a 
molten salt bath trades places with an¬ 
other metal in the glass, like thallium. 
In this case, those areas with more thal¬ 
lium, the heavier element, have a higher 
refractive index. It can take a month or 
more for sufficient ions to diffuse into 
the glass, and the amount of change in 
refractive index Is limited. 

Iso tec, a Tucson, Ariz., start-up com¬ 
pany, claims to have come up with a 
manufacturing technique that produc¬ 
es a Lens blank in a matter of days 
while doubling the change that can be 
achieved in the refractive index. The 
company, which has yet to demon¬ 
strate a finished lens, says the process 
also results in larger blanks and bet¬ 
ter control of the way light is shaped 
as it moves through the glass. The pro¬ 
cess is carried out by fusing together 
five to 10 Layers of lead-silicate glass 
in a platinum crucible at temperatures 
of up to 1,500 degrees Celsius. Lay¬ 
ers with a greater refractive index con¬ 
tain more lead atoms, which interact 
strongly with photons. 

Jsotec got started five years ago, try¬ 
ing lo make lenses that could be used 
to concentrate sunlight onto photovol¬ 
taic cells. When early samples of the 
glass shattered or turned opaque dur¬ 
ing fabrication, the company brought 
in Richard Blankenbecler, a particle 
physicist w'ho is head of the theoreti¬ 
cal physics department at the Stanford 
Linear Accelerator Center. 

Blankenbecler suspected that the 
glass was disintegrating because layers 
with varying indexes expanded or con¬ 
tracted differently in response to a tem¬ 
perature change. By looking ai lechni- 
cal specifications in glass catalogues, 
he found some glasses whose thermal 
properties did not change when the in¬ 
dex did. if these glasses were used, the 
different plates could be fused without 
falling apart. 

Now tsotec is talking to potential 
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customers to license its technology for 
laser collimators, binoculars, night-vi¬ 
sion goggles and the headgear used 
for “virtual reality,” animated three* 
dimensional graphics simulations. But 
its high-powered public relations cam¬ 
paign—it advertises the product as 
“smart glass" that could “revolutionize 
telecommunications, computing and 
traditional optical products 1 ’—has been 
viewed skeptically by the small com¬ 
munity thai makes GRIN products. 

“Smart implies logic; there's no logic 
in it,” says Duncan T. Moore, director 
of the Institute of Optics at the Univer¬ 
sity of Rochester, a major center for 
GRIN research. “1 think they’ve done 
very interesting work, but Dd temper 
that by saying that there’s a lot more 
work to bring this into production. All 
they've done is make a few samples.” 
Specifically, Moore, who owns a com¬ 
pany that makes GRIN products, says 
Isotec has only demonstrated a glass 
blank that still must be ground and 
polished into a lens. 

If isotec finds licensees, a major 
competitor is likely to be Nippon Sheet 
Glass (NSG), This Japanese company 
claims to hold 99 percent of the esti¬ 
mated $50-miliion market in GRIN lens¬ 
es lor facsimiles, photocopiers, laser 
printers and fiber-optic communica¬ 
tions components. Using the conven¬ 
tional ion-exchange process, NSG pro¬ 
duces millimeter-diameter lens rods, 
hundreds of which are arrayed as paid 
of a fax machine or photocopier scan¬ 
ning element. The shod focal length— 
between IS and 30 millimeters—re¬ 
quired to project a line-by-line image 
of a document onto a photosensitive 
drum makes the tiny lenses suited for 
portable machines. 

But NSG is not sitting still with its 
technology. Instead of making lenses 
by stacking and gluing together tiny 
rods with varying refractive indexes, 
ihe company is trying to develop mass- 
fabrication techniques that combine 
ion exchange with the photolithogra¬ 
phy used to produce computer chips. 
Its goal is to produce a GRIN lens by 
etching an array of microscopic lenses 
onto a glass substrate. 

Both technologies, however, may get 
a run for their money from so-called 
binary optics, in which diffractive pat¬ 
terns are etched on conventional lenses 
to correct spherical or other abnormali¬ 
ties. Then again, these two methods 
may turn out to be partners. Roches¬ 
ter’s Institute of Optics is trying to 
combine the technologies. What may 
eventually be dubbed ternary optics 
might allow the chromatic aberrations 
present in GRIN and binary materials 
to ca nee I one a n other ou t. — Gary Stix 


Not Biochips? 

There may yet be computers 
made with organic molecules 


S ome wild talk was going around 
in 1983 that the same kinds of 
genetic engineering techniques 
enabling microorganisms to produce 
drugs would also let them chum out 
computers. The organisms would self- 
assemble “biochips”—complex clusters 
of organic molecules that would func¬ 
tion as integrated circuitry but be thou¬ 
sands of times smaller than conven¬ 
tional components. Or so the story 
went. Some investors bit hard before 
the scheme—and the company promot¬ 
ing it—was debunked by a federal sci¬ 
entific inquiry. 

The ridicule that followed contin¬ 
ues to haum a small group of serious 
researchers, w r ho believe that organic 
molecules can indeed be made to work 
as subinicroscopic computer elements. 
Please, they plead, don’t use the word 
“biochip" to describe their work. Their 
challenge is to build organic molecules 
that can repeatedly switch from con¬ 
ductive to nonconductive states and 
back again, just like conventional elec¬ 
tronic components made of semicon¬ 
ductors such as silicon. 

The research, which parallels peren¬ 
nial efforts to shrink the size of semi¬ 
conductor components, remains large¬ 
ly theoretical. It will be years before 
any molecular electronics devices are 
commercialized—if ever. But scientists 
are reporting tantalizing early suc¬ 
cesses. Some skeptics are beginning 
to wonder if there might be some¬ 
thing to the idea after all. “People are 
excited about pushing chemistry to 
new r frontiers,” says Robert M. Metz¬ 
ger, a physical chemist at the Uni¬ 
versity of Alabama al Tuscaloosa. He 
notes, " T he physicists are encouraging 
us, and the engineers are at least not 
laughing at us any more.” 

This summer, organic chemist James 
M. Tour of the University of South Car¬ 
olina at Columbia announced that he 
had synthesized a section of a mole¬ 
cule that might function as an electron¬ 
ic switch. His blueprint was proposed 
by IBM researcher Arj Aviram in 1988. 
Aviram, who first began musing about 
molecular computer parts in the early 
1970s, envisioned large organic mole¬ 
cules that could give and accept elec¬ 
trons and so carry current. 

The model could pass a single elec¬ 
tron between two molecular chains— 
enough to make a switch, if the elec¬ 
tron's movement could be controlled. 
The chain donating the electron would 


become a conductor, and the one re¬ 
ceiving it would become an insulator. 
The chains were joined with a bridge 
for the electron to cross. 

To keep lhe electron from jumping 
at will, Aviram twisted the bridge at 
a 90-degree angle so that the arms of 
the molecule would look like a plus 
sign if viewed from above. This way, 
the chains would be separated from 
each other, and the electron could 
move from one to the other only when 
forced to, by voltage applied through 
an electrode abutting the bridge. Cur¬ 
rent would move through the chain 
that gave up the electron into elec¬ 
trodes attached at either end. 

So far four and two graduate stu¬ 
dents have made a couple of versions 
of these twisted bridges. In one, the 
chains arc based on a conductive poly¬ 
mer called polythiophene, which has a 
backbone of sulfur molecules, “We’re 
building the chains separately, then 
we’ll slap the pieces together,” he says. 
Tour says his approach to constructing 
large molecules to order is borrowed 
from pharmaceutical manufacturing, 
but it has not been used widely by ma¬ 
terials scientists. 

Tour acknowledges that the mol¬ 
ecule he has built is just the begin¬ 
ning. After all the chemical tricks and 
hard labor, the molecular chain is still 
only 23 angstroms long, less than half 
the size Aviram described. "Chemists 
shy away from making molecules that 
big," Aviram says. “It’s a very labori¬ 
ous undertaking.” 

Unfortunately, a molecule that could 
connect to circuit lines on convention¬ 
al semiconductor chips would have 
to be far bigger than that. And such 
connections are necessary before a bil¬ 
lion or so molecules could be wired to¬ 
gether into w orking computer compo¬ 
nents. With current commercial meth¬ 
ods for etching conductive paths on 
semiconductor chips, the distance be¬ 
tween individual circuit lines is typi¬ 
cally 8,000 angstroms. Even the most 
dense techniques of electron-beam pat¬ 
terning bring the wires no closer than 
150 angstroms. To bridge these minute 
conductors, a molecule would still have 
to be three times the size of the one 
Aviram postulated. But Tour is opti¬ 
mistic that he can build much larg¬ 
er molecules. "Now it’s just a matter 
of hooking more thiophenes into the 
chains,” be says. 

Aviram and other proponents of the 
new electronics figure that by the time 
organic molecules are ready to roll out, 
circuit-pattern distances will not be so 
vast. Even then, ihe molecules would 
somehow have to be connected to the 
conductive "wiring.” One possible solu- 
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HOW A SINGLE MOLECULE COULD SWITCH CURRENT 


When there is a voltage 
difference across the up¬ 
per and tower electrodes, 
a single electron moves 
toward the positive elec¬ 
trode across the twisted 
bridge connecting the two 
chains of the molecule. 


POSITIVE (+) 


The cham giving up the 
electron becomes con¬ 
ductive {blue ). Current 
flows through it into 
connecting electrodes. 


ELECTRON 


Reversing the polarity 
switches the conduct¬ 
ing chain back to an in¬ 
sulating state, and cur¬ 
rent flows through the 
other chain. 


NEGATIVE {-) 


tion is designing molecules that com 
tain a specific atom, or collections of 
atoms, known to have affinity for a par¬ 
ticular substance. 

11 These functional groups will be im¬ 
portant to wiring up molecules," de¬ 
clares Mark S. Wright on p a chemist at 
the Massachusetts Institute of Tech¬ 
nology. He offers an example of how 
the approach could simplify manufac¬ 
turing: Because sulfur-containing mol¬ 
ecules stick to gold, and carboxylic 
groups bind to aluminum oxide, an 
array of wires containing those met¬ 
als could be dipped into a solution of 
the organic molecules and emerge with 
conductive connections exactly where 
they ought to be. 

Others working in molecular elec¬ 
tronics believe single molecules may 
present too many problems to be prac¬ 
tical. “How do you connect a single 
molecule?” Metzger asks. He is work¬ 
ing instead on devices built from films 
a molecule thick. Carefully patterned 
layers stacked on top of one another 
could make vertical as well as horizon¬ 
tal connections, obviating bulky wires 
and increasing the circuit density. 

Metzger explains that the trick is 
to design directionality into the mol¬ 
ecules—to give them, for instance, 
greasy tails so they move away from 
water and line up facing the same way. 
But he still has not figured out how to 
carve patterns in a layer. 

The delicacy of one-molecule-thick 
films makes them vulnerable to pin¬ 
holes and other defects, but research¬ 
ers who favor the approach say such 


devices will still be more reliable than 
single molecules. To add stability to 
films, some scientists are binding the 
molecules to polymer substrates. 

Metzger and his collaborators have 
made a film five by 10 inches and are 
testing to confirm that it conducts cur¬ 
rent in one direction. The next step will 
be to control manufacture to make the 
working size smaller. “Within the next 
two years, somebody wilt know for 
sure whether films work. From that to 
a workable device, it’ll be maybe 10 
years,” Metzger predicts. 

Even Avlram acknowledges that sin¬ 
gle organic molecules probably will not 
be reliable enough to use alone. “No 
one disputes there will be a need for re¬ 
dundancy," he says. Exactly how much 
redundancy wdl be necessary has to 
be determined experimentally. Because 
fully functional molecules have not yet 
been made, the matter is mostly intu¬ 
itive at present. Critics point out that 
the more molecules get piled up for 
safety’s sake, the closer organic sys¬ 
tems will come to the size of conven¬ 
tional devices. Supporters note that a 
model of individual molecules used for 
data processing and storage already ex¬ 
ists in nature—in the form of DNA. 

Some researchers, in fact, are look¬ 
ing to nature for molecules that switch 
naturally. At the Syracuse University 
Center for Mole ail ar Electronics, Rob¬ 
ert R. Birge is using bacterial rhodop- 
sin as a switch for a high-speed RAM 
{random-access memory). A pulse of la¬ 
ser light causes the chemical to switch 
from one form to another. The sub¬ 


stance, similar to pigment found in the 
retina of the human eye, comes from a 
bacteria found in salt marshes. M It's a 
very old organism—the only one I 
know of that can transfer from breath¬ 
ing to photosynthesis, ” he notes. 

Copper’s well-known friendliness to¬ 
ward electricity is earning the element 
a place in some molecular electron¬ 
ics research, A group led by Richard S. 
Pot ember of the Johns Hopkins Uni¬ 
versity Applied Physics Laboratory is 
adding copper to a thin him of an or¬ 
ganic molecule called tetracyanoqui-no¬ 
dimethane (TCNQ). Pulses of high 
voltage or laser light cause the cop¬ 
per atoms to bind and unbind from 
TCNQ, switching the him from con¬ 
ducting to nonconducting. A similar 
TCNQ him is being developed at Ja¬ 
pan's National Chemical Laboratory for 
Industry, where a group headed by Hi- 
roaki Tachibana is using heat to flip 
the switch. 

Predictably, few molecular electron¬ 
ics researchers are guessing how long 
it will be until some of their devices 
become commercial realities. But all 
are encouraged by the speed at which 
developing te chnologie s—particularly 
scanning tunneling electron micro¬ 
scopes—are allowing them to observe 
and construct materials on a molecular 
level. At the same time, manufacturing 
techniques for structures approaching 
the size of large molecules are getting 
better. “Molecular electronics is a dis¬ 
tant goal," Aviram concedes. But he 
notes, "There are a lot of beautiful sci¬ 
entific milestones until then." — D. E . 
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A Million Watts of Light 

The world's most powerful 
lamp finds applications 


W hat do you do with the world's 
brightest lamp? Well, you 
could melt a car with it. At 
least that's what the producers of the 
David Letterman Show wanted to do 
when they read that Vortek industries, 
maker of the lamp, was planning to 
build a megawatt model capable of 
turning a small car into slag. 

Gary G. Albach, president of the 
Vancouver-based company, refused the 
request as unsafe. He was hardly sur¬ 
prised by the idea, however—he already 
knew r that the major commercial ap¬ 
plication for his superbulbs was as 
a source of heat raiher than of light. 
When Albach and his colleagues con¬ 
ceived Lhe lamp more than 10 years ago 
at the University of British Columbia, 
they envisioned a floodlight, but their 
first products in 1980 found no takers. 
“There was simply not a large need to 
light 20 acres with a single bulb " Al¬ 
bach says, speaking of his company's 
first product. (The current top-of-ihe- 
line model would light 50 acres.) 

The Vortek design can stretch to mul- 
timegaw r att power because its cooling 
system works from within. The lamp's 
quart/, tube contains two concentric 
helices, one of ionized argon, which 
carries the arc, and a wider one of de¬ 
ionized—and hence insulating—water. 
The water, under loo much pressure 
to boil, carries away heat that would 
otherwise create a tube-busting tem¬ 
perature gradient between the inner 
and outer surfaces. The argon spins 


so rapidly in the central void that it 
cannot flicker and therefore puts out 
a steady light. The tungsten-alloy elec¬ 
trodes are cooled with water inject¬ 
ed directly into them, and their debris 
is washed from the tube's inner face, 
preventing the tube from becoming 
opaque. 

The intense light from Vortek T s 
lamps is a formidable source of heat. 
Targets placed a hand *s breadth from 
the 300-kilowatt lamp's 11-centimeter- 
long tube can reach 3,000 degrees Cel¬ 
sius. That is about half the temperature 
at the surface of the sun and one quar¬ 
ter the temperature attained by the ar¬ 
gon arc itself. The arc chums out 120 
kilowatts of optical power, a 40 per¬ 
cent efficiency about eight times great¬ 
er than that achieved by carbon dioxide 
lasers, the main alternative for indus¬ 
trial heat treatment and lesting. 

Today Vortek’s markets include semi¬ 
conductor manufacturers, who use the 
lamps to anneal silicon, a process that 
removes the crystalline defects creat¬ 
ed in silicon wafers during photolithog¬ 
raphy. The lamp is ideal for annealing 
because its precise, even heat can raise 
all of the hundreds of chips on a wa¬ 
fer to the same temperature and hold 
them there for the same period. Vor¬ 
tek originally incorporated its lamps 
into optical ovens marketed by the 
Eaton Company, but after the line was 
discontinued Vortek began supplying 
lamps directly to customers, which in¬ 
clude IBM, Siemens and Motorola. 

hi addition, manufacturers of blades 
and automotive parts use the lamp to 
harden only those surfaces subject to 
wear, so that the supporting material 
remains flexible. Vortek has an advan¬ 
tage over laser case-hardening because 


it is about five times faster and be¬ 
cause its heat produces a well-defined 
surface layer rather than interposing 
a heat-affected layer between surface 
and substrate. Moreover, Vortek’s case- 
hardening is precise enough to form 
agricultural tools into patterns of hard¬ 
er and softer metal that sharpen the 
edge as it cuts through abrasive soil. 
Aerospace clients use the lamps to test 
exotic materials for heat tolerance, a 
power-hungry task that is driving Vor¬ 
tek *s development. The National Aero¬ 
nautics and Space Administration has 
used the lamps to simulate solar radia¬ 
tion's effects on the shuttle. Wright-Pat- 
terson Air Force Base has yoked two 
300-kilowatt tubes together to test bits 
of the proposed National Aerospace 
Plane, and it has contracted to upgrade 
the power by half, for a total of nearly 
a megawatt. 

Why force-feed power into one or 
two arcs when you can get the equiv¬ 
alent from an array of many smaller 
ones? The reason has to do with op¬ 
tics: it is impossible to concentrate all 
the light of a nearby source into an im¬ 
age smaller than the source. The highly 
coherent output of a carbon dioxide 
laser can be focused more tightly. For 
heating large parts, however, the Vor¬ 
tek lamp is usually preferable, both be¬ 
cause it is cheaper to operate and be¬ 
cause metal absorbs its white light 
more readily than the laser's longer 
wavelength. 

Researchers at Lawrence Livermore 
National Laboratory have found that 
the lamps are ideal for pumping high- 
powered lasers. Luis Zapata, a phys¬ 
icist in the laser unit, says he and 
his co-workers "simmer'’ the arc at a 
constant 10 to 20 amps while rapid¬ 
ly jolting it with mill i second pulses of 
400 to 500 amps. The flashes produce 
corresponding pulses in a neodymium- 
YAG laser, which carry enough punch 
to penetrate steel. Applications include 
the drilling of cooling channels in jet 
turbines and holes in laminar-flow 
wings, which draw in air that would 
otherwise become turbulent. 

Zapata says his group has no use for 
Vortek 1 ’s brightest lamps, let alone the 
more powerful ones the company is 
planning to build. About the only mil¬ 
itary use for a laser pumped by a mul- 
timegaw f att lamp would have been in 
the defunct Stars Wars program; even 
then, it would have been too heavy and 
fragile to put into an orbiting battle sta¬ 
tion. So who would want such a mon¬ 
ster lamp? “Some defense contractors 
are thinking of a single source of five to 
10 megawatts,” .Albach says. “They want 
it for high-temperature testing and in¬ 
dustrial applications." —Philip E. Ross 
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LIGHT EMITTED BY 
IONIZED ARGON GAS 



90 Scientific American November 1990 













THE ANALYTICAL ECONOMIST 

Saving makes a rainy day? 


C all it "the consumers’ dilemma.” 
For most of the 1980s a covey of 
economists criticized the seem¬ 
ingly insatiable spending habits of 
American consumers. The good of the 
economy, they said, required that citi¬ 
zens, not to mention the government, 
save rather than spend. But around the 
same time that potential war in the 
Middle East hit newspaper headlines, 
threats of an imminent recession began 
lurking on the inside pages. And the 
economists now seem to have changed 
their minds. The ostensible cause of the 
economic slowdown: Americans aren’t 
spending enough. 

Why the contradiction? “It’s the dif¬ 
ference between a short-run and long- 
run perspective," says Geoffrey Car- 
liner, executive director of the Nation¬ 
al Bureau of Economic Research in 
Cambridge, Mass. Reduced spending— 
which by definition accompanies in¬ 
creased saving—tends to bring on re¬ 
cessions, but rampant consumption 
provides no basis for long-term growth. 

The short-term implications of low¬ 
er spending are clear. Each of the past 
few economic slowdowns has been as¬ 
sociated with faltering consumer spend¬ 
ing. Reduced purchases, particularly of 
expensive items such as homes and 
automobiles, translate into less mon¬ 
ey flowing through the economy as a 
whole. Since the 1960s the culprit caus¬ 
ing most recessions has been the Fed¬ 
eral Reserve, notes Timothy Taylor, 
managing editor of the Journal of Eco¬ 
nomic Perspectives. The Fed raised in¬ 
terest rates whenever it saw signs of 
rising inflation. Then the increased cost 
of borrowing inevitably discouraged 
consumers from buying. 

In contrast, the current dip in con¬ 
sumer spending may be largely the re¬ 
sult of flagging confidence in the econ¬ 
omy. Surveys by the Conference Board, 
a New York-based business group, 
show that in August consumers were 
more pessimistic about the economy 
(and their own financial prospects) than 
they were immediately after the 1987 
stock market crash. Meanwhile the Fed¬ 
eral Reserve has not raised interest 
rates significantly. If rates do rise in re¬ 
sponse to the inflationary pressure of 
rising oil prices, consumer spending 
could fall even further. 

Even though falling consumption 
could lead to a recession, economists 
are not suggesting that wild spending 
sprees have suddenly become a civic 
duty. From a long-term perspective, ar¬ 


gues Edward M. Gramlich of the Uni¬ 
versity of Michigan at Ann Arbor, U.S. 
savings rates are still too low to sus¬ 
tain the investment needed to keep the 
economy afloat. 

Savings fell—from a postwar average 
of 8 percent of disposable income—in¬ 
come after taxes and other mandatory 
payments—to a low of 3.2 percent in 
1987. In the past two years savings 
have rebounded, to about 4.5 percent. 
Only by borrowing and by selling parts 
of itself to thriftier countries has the 
U.S. prospered through the 1980s; even¬ 
tually this strategy will lead to a perma¬ 
nent loss of income, Gramlich says. 

The conundrum that policymakers 
face is how to increase savings enough 
to stave off eventual penury without 
triggering immediate starvation. If na¬ 
tional savings increase (as a result of 
faltering consumption or perhaps a re¬ 
duced budget deficit), the economy will 
slow because of decreased demand for 
goods and services. In the long run the 
effect is positive, Gramlich argues: pric¬ 
es fall to match the drop in demand. A 
lower price for money—interest rates— 
stimulates investment, so that more 
goods and services can be produced: 
economic growth accelerates. Accord¬ 
ing to this view, some degree of re¬ 
duced growth—if not an outright reces¬ 
sion—is in the cards regardless of con¬ 
sumer spending and saving habits. 

Worse yet, says Barry P. Bosworth 
of the Brookings Institution, the short¬ 
term pain caused by lower spending 
may not bring the economy long-term 
growth. Increased savings—such as 


they are—cannot be translated into in¬ 
vestment as long as the Federal Reserve 
keeps interest rates high to rein in in¬ 
flation, he contends. People are unlike¬ 
ly to channel money into potentially 
risky capital investment when they can 
earn just as much in certificates of de¬ 
posit. Net domestic investment fell from 
5.3 percent of national income in 1988 
to 4.7 percent in 1989, even as savings 
rose by a similar margin. Yet Bosworth 
doubts that the Federal Reserve would 
lower interest rates to stimulate invest¬ 
ment and economic activity. 

Stimulating the economy may not be 
an option. Taylor points out that nei¬ 
ther the government nor consumers 
saved enough during the mid-1980s 
period of high growth. If the economy 
slows down, tax revenues will fall—and 
so attempts to revive it by increasing 
government spending or lowering tax¬ 
es could dramatically increase the size 
of the deficit. That, in turn, would hurt 
future growth. Thanks to years of un¬ 
derinvestment, the U.S. simply may not 
have the resources to support both 
long-term growth and spending suffi¬ 
cient to bring the economy to the “soft 
landing” policymakers hoped for be¬ 
fore the trauma in the Middle East. 

Although the economists’ consensus 
is bleak, consumers may be solving the 
dilemma of spending and saving them¬ 
selves. According to Fabian Linden of 
the Conference Board, consumer confi¬ 
dence appears to be recovering from 
the plunge induced by Iraq’s invasion of 
Kuwait on August 2. Consumers have 
an impressive record in predicting the 
near-term behavior of the economy. The 
statistics may paint a darkening pic¬ 
ture, Linden says, but “mercifully, the 
ordinary citizen is not an economist.” 
—Elizabeth Corcoran and Paul Wallich 


INCREASED SAVINGS DRIVE DOWN CONSUMPTION 
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MATHEMATICAL 

RECREATIONS 

A compendium of math abuse 
from around the world 



byA.K. Dewdney 


“In the space of one hundred and 
seventy-six years the Lower Mississippi 
has shortened itself two hundred and 
forty-two miles. That is an average of 
a trifle over one mile and a third per 
year. Therefore, any calm person, who 
is not blind or idiotic, can see that... 
just a million years ago next Novem¬ 
ber, the Lower Mississippi River was 
upwards of one million three hundred 
thousand miles long ” 

—Mark Twain, 
Life on the Mississippi 

S ince March, when 1 first described 
the abuses of mathematics in this 
department, hundreds of readers 
have sent me examples of math crimes, 
scams and malpractice. The culprits are 
mainly corporations, institutions and 
governments. But is the abuse inten¬ 
tional or accidental? 1 will let readers 
judge for themselves as they peruse 
this miniature catalogue of mathemati¬ 
cal horrors. To combat the perversion 
of percents, the twisting of logic, the 
misrepresentation of numbers and the 
distortion of charts, columns such as 
this may act briefly to stem the tide of 
ignorance that threatens to drown us. 
Only educational systems can save us 
in the long run. 

People run the risk of abusing math¬ 
ematics when they will not, do not 
or cannot correctly use the numbers 
and relations they encounter every day. 
Even those who are not comfortable 
with geometry and algebra can avoid 
math abuse if they approach mathe¬ 
matical situations with a certain degree 
of skepticism. Russell R. Bergquist of 
Tavares, Fia., and Sanford H. Lefkowitz 
of Columbus, Ohio, are particularly sus¬ 
picious of the claims made by car deal¬ 
ers who try to persuade the buyer of 
a new vehicle to finance the purchase 
rather than pay cash. Bergquist gave, 
and I have embellished, an amusing ac¬ 


count of a conversation between Sam, 
a ear dealer, and Joe, a buyer: 

“Tell me, Joe, why do you want to 
pay the full $10,000 In cash for your 
new car? 11 Sam asks. 

“To save the cost of financing,” Joe 
replies. w I might finance with you if 
your rate of 11 percent were lower 
than the bank’s Interest rate." 

“But don't you realize you can still 
save money by financing?" Sam coun¬ 
ters. He swings around to his comput¬ 
er terminal, types in the numbers and 
soon presents Joe with a neat printout. 
It states that a monthly payment of 
$327.39 for 36 months would pay off 
the $10,000 at a cost of $1,786.04. It 
further claims that the $10,000 left in a 
savings account at 7.5 percent would 
earn $2,514.46. “As I was saying, Joe, 
if you leave $10,000 in your bank ac¬ 
count rather than paying today, you 
can make $728.42, the difference be¬ 
tween the two costs," Sam declares. 

A little baffled, Joe inquires, “What 
about the $327.39 i pay a month? 
That has to come out of my bank 
account 

“Well, sure, you are paying for a 
car," Sam interjects, “but the payment 
doesn’t have to come from your bank 
account. It could come from anywhere. 
Maybe you could save it from your 
weekly paycheck. Frankly, Joe, you are 
the first person I've talked to who 
doesn’t understand the system." 

Joe, feeling a bit intimidated and 
confused, wisely decides to go home 
and think things over. He writes down 
the two plans side by side on a sheet 
of paper. Under Sam's plan, Joe keeps 
$12,514.46 at the end of three years. 
Under his own plan, Joe buys the car 
outright and invests the monthly pay¬ 
ments of $327.39 at 7,5 percent. At the 
end of three years, he has $13,171.35. 
Joe realizes Sam's deception. Sam ne¬ 
glected to discuss the profit Joe could 


earn if the car payments were invested 
in an interest-bearing account. 

The innumeracy I call compound 
blindness causes many an eye to cloud 
over when interest-bearing schemes are 
mentioned. Several readers wrote me 
about schemes that sounded very good 
until one takes inflation into account, 
not to mention taxes. In fact, I am 
ready to propose a law of inflation and 
taxes, tongue firmly in cheek: 

The Law of Zero Return 
return on investment = inflation loss+taxes 

Suppose, for example, that the inter¬ 
est rate is 9 percent, that inflation 
runs at 5.5 percent and that your tax 
rate on interest happens to be 35 per¬ 
cent. If you invest $10,000 over a year, 
you would receive $10,900. But a tax 
bite of 35 percent out of the $900 re¬ 
turn would leave you with only $585. 
Because of inflation, however, the re¬ 
sulting $10,585 would be worth only 
$10,002.83! 

Even those who are aware of the ef¬ 
fects of compounding can be misled. 
Advertisers, like salespeople, are no¬ 
torious for manipulating numbers to 
hide certain information that makes a 
claim less appealing than it first ap¬ 
pears. Homer B. Clay of Phoenix, Ariz., 
reminds us of the television commer¬ 
cial that features the preferred head¬ 
ache remedy of a random sample of 
doctors stranded on a desert island. 
According to the sponsor of brand X, 
more than 50 percent of the unfortu¬ 
nate physicians prefer it to brand Y, 
the next most popular brand. What the 
sponsor did not explicitly reveal was 
that its survey gave doctors a third 
choice, brand Z, which was nothing 
more than a variation of Y. As Clay 
recalls, the medication contained in 
brands Y and Z beat brand X by about 
the same amount as X beat Y. 

By concealing information, adver¬ 
tisers can prove virtually anything. A 
few years ago an advertiser for a cer¬ 
tain well-known brand A of whiskey 
claimed that in a blind taste test, half of 
the drinkers of another brand of Scotch 
actually preferred brand A. What, asks 
Alexander Martschenko of the U.S. em¬ 
bassy in Stockholm, docs tills really 
mean? The result could have been ob- 
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tamed by flipping a coin, he says. This 
does nol mean ihe outcome is random, 
but it should alert one's suspicions. Af¬ 
ter ah, many consumers cannot readily 
distinguish their favorite brand of bev¬ 
erage from competing brands, much as 
they like to believe they can. Last year 
the Canadian Broadcasting Corporation 
Tan a documentary about beer drinkers 
who claimed to be connoisseurs of the 
various brands. In blind taste tests the 
cognoscenti consistently confused one 
brand with another! 

A number of drink manufacturers 
exploit the public’s insensitive taste 
buds* especially when the drinks are 
cold. For instance, a well-known mak¬ 
er of soft drinks challenges customers 
to say which of two brands they prefer 
in a taste test, their brand or that of 
the main competition. Given the rela¬ 
tive sameness of taste, roughly half the 
drinkers of the competing brand say 
they prefer the taste of the advertised 
brand. This kind of advertising is effec¬ 
tive because most consumers have no 
knowledge of the taste-confusion phe¬ 
nomenon. In fact, having a “favorite” 
brand almost guarantees an unwilling¬ 
ness to admit that the preference is 
based on anything but taste. 

The public might be prone to believe 
that advertisers and large corporations 
are the biggest abusers of mathematics, 
but according to my mail, governments 
and media organizations are just as 
culpable. An announcement in a Swed¬ 
ish newspaper read: “Six Times Safer! 
Last year 35 people were drowned in 
accidents in small boats. Only five were 
wearing life jackets, whereas the rest 
were not. Therefore, always wear a life 
jacket when boating, n 


In spite of the laudable import of 
the message, what, asks Foul Printz, 
a Danish reader, can one actually de¬ 
duce from the numbers? Is it possible 
that six times as many Swedes sad with¬ 
out life jackets as those who sail with 
them? It is ironic to think that if this 
were so and if the proportion of Swedes 
wearing them were to increase great¬ 
ly, the statistics of the example might 
well be reversed. The abuse in this case 
could be called statistical starvation: we 
are simply not fed enough information 
to he convinced by the given numbers. 
Instead the media happily report what 
various agencies tell them. 

Once one puts it all together, it is 
easy to see how the media can play up 
the numbers, an all-too-common abuse 
I call numerical inflation. Joseph Chil¬ 
ders of Bryte, Calif., has passed along 
documented claims about the percent¬ 
ages of fatal traffic accidents having 
various causes: cocaine, 20 percent (a 
New York newspaper); marijuana, 25 
percent (Drug Enforcement Adminis¬ 
tration); alcohol, 50 percent (California 
Highway Patrol); sleepiness, 35 percent 
(sleep researchers); speeding, 85 per¬ 
cent (National Transportation Safety 
Board); smoking, 50 percent (Nation¬ 
al Highway Traffic Safety Administra¬ 
tion); suicide, 35 percent (suicide re¬ 
searchers); mechanical failure, 20 per¬ 
cent (New 7 York State Department of 
Motor Vehicles). 

Admittedly, the categories are far 
from mutually exclusive, so we are not 
surprised that the percentages add up 
to more than 100. Moreover, some of 
the figures may apply more to high¬ 
ways than city streets. Nevertheless, 
given these percentages, I would not be 


surprised if every year thousands of 
drivers, in an attempt to kill them¬ 
selves, snort some cocaine, smoke sev¬ 
eral joints, quaff a pint of liquor, puff 
on a cigarette, then climb into a 20- 
year-old jalopy, accelerate well past the 
speed limit and fall asleep at the wheel. 

Paying attention to big numbers gives 
many people trouble, especially if they 
involve percentages. Few enough may 
have blinked at the newspaper headline 
passed along to me by Frank Palmer of 
Chicago: “Seven Italians out of Ten 
Have Committed Adultery” After all, 
49 percent of Italian male and 21 per¬ 
cent of Italian female respondents in 
a survey confessed to extramarital af¬ 
fairs. As everyone knows, 49 + 21 = 70. 

Simply adding the percentages ig¬ 
nores the relative numbers of Italian 
men and women (assuming the sample 
was representative in the first place). If 
the proportion is roughly half and half, 
then 24.5 percent of the Italian popu¬ 
lation consists of men who have been 
unfaithful and 10.5 percent consists of 
women who have been unfaithful. Now 
the percentages can be added because 
the two groups represent nonoverlap¬ 
ping parts of the same population: 
24.5 +10.5 = 35. 

Here the abuse may be mostly un¬ 
conscious, although a certain tendency 
of the media to exaggerate may (again) 
have played a role. The perpetrators 
were presumably subject to the same 
form of innumeracy as the victims: 
ratidltis. The innumeracy applies not 
only to percentages but also to ratios, 
Fractions, proportions and even averag¬ 
es. None of these can be added or mul¬ 
tiplied with quite the same abandon 
that ordinary numbers can. Even edu- 
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cators can fall victim to ratioitis. For 
example, George Barry of Saratoga, 
Calif., cites a statement from an edu¬ 
cation survey: “Although, in the seven¬ 
ties, test scores were down nearly 60 
percent, they have since rebounded by 
over 70 percent!” 

Again the tendency is simply to com¬ 
bine the two figures as if they were or¬ 
dinary numbers: subtract the 60 per¬ 
cent, then add the 70 percent. But ap¬ 
ply the claimed drop and rebound to a 
specific number, say 85. If the number 
85 loses 60 percent of its value, it is 
decreased by 51, becoming 34. If the 
number 34 now “rebounds” by 70 per¬ 
cent, it gains 70 percent of its value, 
increasing by 23.8 to 57.8, well below 
the original 85. Barry' calls the abuse 
of percentages “pernicious” and writes, 
“One should surely be forgiven for fail¬ 
ing to grasp that the scores are now 
less than 70 percent of what they once 
were.” How ironic that those reporting 
on the progress of education should il¬ 
lustrate its lack. 

1 want to leave readers with two 
kinds of recreations, simple little exer¬ 
cises to tone up those mental muscles 
that were meant to twitch in the jun¬ 
gle of life and warn of falsehood or 
stupidity. The first kind of recreation 
concerns chart abuse, the deliberate 
or unintentional distortion of data by 


graphic means. How many readers can 
identify the abuse in each of the dia¬ 
grams that illustrate this article? Each 
diagram might appear innocent at first 
glance, but a second look should make 
your mind twitch. 

The second kind of recreation comes 
from Robert M. Martin, who teaches a 
course on the logic of probability and 
scientific reasoning at Dalhousie Uni¬ 
versity in Halifax, Nova Scotia. Martin 
has tripped his students up more than 
once with unpretentious little posers 
such as the following three. 

• Someone shuffles an ace, king and 
queen, places them face down on a 
table and—oops—accidentally knocks 
one of them to the floor in an entire¬ 
ly random way. The card lands face 
down. What is the probability of draw¬ 
ing an ace from the cards that remain 
on the table? 

• People usually work eight hours a 
day. That is one third of the 24-hour 
day, so people actually work the equiv¬ 
alent of one third of the 365 days in 
the year, about 122 days. But people 
usually do not work weekends. That 
means two days off a week, or a to¬ 
tal of 104 days off a year. Subtracting 
this from the 122 days leaves only 18 
days. Since the average vacation is 
about 10 days long, that leaves eight 
days. Because there are at least this 
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many holidays in a year, no one works! 

# If a bottle and a cork together cost 
$1.10, and the bottle costs $LOO more 
than the cork, how much does the cork 
cost? When answering this last ques¬ 
tion (wrongly), a student jeeringly pen¬ 
ciled, “Tough stuff!" 

The examples of abuse are but symp¬ 
toms of a general ignorance of mathe¬ 
matics—indeed, of science as a whole. 
Among the industrialized nations, the 
disease appears to be most advanced 
in the LLS., where students on average 
score lower on standardized tests than 
their peers in other industrialized na¬ 
tions. We are well aware of an educa¬ 
tion crisis, but what can be done? 

Lynn Arthur Steen, a mathematician 
at St. Glaf College in Northfield, Minn., 
is president of the American Mathemat¬ 
ical Society and a well-recognized au¬ 
thority on mathematics education from 
kindergarten through graduate school. 
According to Steen, children leave pri¬ 
mary school and even high school ei¬ 
ther confused by mathematics or, at 
best, as mechanical manipulators of the 
formulas they have learned. Very few 
students in the LLS. have what Steen 
calls “good number sense 1 ’ or "good 
symbol sense." 

Good number sense reflects precise¬ 
ly the form of numeracy required to 
combat math abuse. It means an abil¬ 
ity to understand relative magnitudes, 
exponential growth and the meaning of 
ratios and percentages, just to name a 
few. Students have good symbol sense 
if they can recognize that a mathemat¬ 
ical result is incorrect because they 
know approximately what the answer 
should be. Such a student can think 
algorithmically, embracing simple ab¬ 
stract processes with relative ease. 

The National Council of Teachers of 
Mathematics has recommended stan¬ 
dards for students, and the Mathemati¬ 
cal Sciences Education Board, a branch 
of the National Academy of Sciences, 
has been actively promoting mathemat¬ 
ics education in the U.S. Although a 
few schools are doing a terrific job of 
teaching mathematics, Steen observes, 
most are drifting steadily deeper into a 
black hole created by public indiffer¬ 
ence. it' the U.S. could get as bred up 
about the crisis in mathematics educa¬ 
tion as it has about environmental is¬ 
sues, Steen says, we might be able to 
turn things around. 


FURTHER READING 

Everybody Counts; A Report to the 
Nation on the Future of Mathe¬ 
matics Education. National Academy 
Press, 1989. 
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The physicist with the purest soul, a history 
of hunger, optical science in art 



by Philip Morrison 


Dirac: A Scientific Biography, by 
Beige S. Kragh, Cambridge University 
Press, 1990 ($44.50). 

N iels Bohr once remarked that ,l of 
all physicists, Dirac has the purest 
soul." Paul A. M. Dirac “was tall, gaunt, 
awkward, and extremely tad turn*... In 
conversation he was invariably po¬ 
lite.... One was never sure that he 
would say something intelligible." Ever 
since childhood he had used few 
words; he spoke utterly directly, with¬ 
out the slightest tinge of manner or 
irony. He took it that other people did 
the same. 

An interview written in 1929 by the 
columnist of a Madison paper when 
Dirac lectured on the University of Wis- 
consin campus resembles the tale of 
some wry Zen master. The piece might 
be taken as wholly humorous inven¬ 
tion, were it not so utterly characteris¬ 
tic. “‘Professor, 1 says I, ‘...you have 
quite a few letters in front of your last 
name. Do they stand for anything in 
particular?' ‘No/ says he. ‘You mean I 
can write my own ticket? 1 ‘Yes/ says 
he. ‘Will it be all right if I say that 
P.A.M. stands for Poincare Aloysius 
Mussolini?* ‘Yes/ says he.” And in clos¬ 
ing, “ ‘Do you ever run across a fellow 
that even you cant [sic) understand?* 
‘Yes/ says he,.., ‘Do you mind releas¬ 
ing to me who he is? T 'Weyl/ says 
he. The interview came to a sudden 
end,.,for the doctor pulled out his 
watch.... He let loose a smile as we 
parted and I knew that all the time he 
had been talking to me he was solv¬ 
ing some problem no one else could 
touch." 

Dirac was bom in England in 1902 
into a household dominated by a strict, 
inexpressive and unloving father. His 
father had run away from his home in 
Switzerland in his youth, first to study 
at Geneva and then to England, where 
he would teach French for the rest of 
his life. Paul grew up a silent and de¬ 
pendent boy who did what he was told. 
All he liked was mathematics, but at 


16 he uncomplainingly entered on the 
course of electrical engineering at Bris¬ 
tol University, in the very college budd¬ 
ing where his father taught. 

It was the drama of general relativity 
that set him on course. He recalled how 
“relativity came along as a wonderful 
idea...a new domain of thought...an 
escape from the war.,.. I was caught 
up in [the) excitement" of the 1919 
test of Einstein's starlight bending 
made by Eddington’s eclipse expedi¬ 
tion. Dirac studied relativity on his 
own; in 1921 he graduated with first- 
class honors, but in that depression 
year he could find no job as an engi¬ 
neer and went happily back to study 
mathematics on a free-tuition grant. 

In 1923 he entered graduate school 
at Cambridge. Still a student, although 
with half a dozen papers to his name, 
in August, 1925, he read in proof Wer¬ 
ner Heisenberg's historic first expo¬ 
sition of matrix mechanics. Three 
months later Dirac had published the 
first of his own dozen original con¬ 
tributions to the breakneck growth of 
the theory. “ He has no idea how 
difficult his papers are for the normal 
human being," Erwin Schrddinger com¬ 
plained to Bohr in the fall of 1926. The 
“unknown English youngster" was at 
once accepted by the coterie of quan¬ 
tum theorists; soon he was quite at 
home in Copenhagen, Gottingen and 
Leiden, Most of Dirac's results dur¬ 
ing those years of cornucopia turned 
out to have been anticipated, but the 
generality and originality of his ap¬ 
proach w r ere unmatched even by his 
golden peers. 

In the fall of 1927 he “suddenly real¬ 
ized" how it would be possible to re¬ 
tain the required linearity of the quan¬ 
tum equations and yet to introduce the 
square root of the energy essential for 
a relativistic theory. The beautiful de¬ 
vice, well described in the text for any 
who tolerate a little algebra, was to use 
not one single equation but a number 
of related equations at once, opening 
many simple relations that could be ar¬ 


ranged to meet all the conditions need¬ 
ed. The natural quantities of Dirac's 
relativistic electron theory turned out 
to be 4x4 matrices, interpretable 
because 2x2 matrices were already 
understood to describe electron spin. 
The new equations fitted the hydrogen 
spectrum with new r accuracy and pre¬ 
dicted unmistakably a new counterpart 
to the electron, its positively charged 
antiparticle. Everyone, Dirac included, 
thought they knew just what that posi¬ 
tive particle had to be: the proton! 

The physicists then saw matter at its 
simplest; Dirac, building on the firm 
ground won by Einstein and Heisen¬ 
berg, had found it all in one elegant 
mathematical gesture. The time from 
the first quantum oscillator to Dirac’s 
relativistic electrons had been only 
an exhilarating two years and three 
months. 

But the too hasty physicists would 
have to recant at leisure. First, Dirac 
and the rest had to accept that the anti- 
deetron was not at all the proton, hut a 
new and unexpected positron, discov¬ 
ered in the cloud chamber in 1932. 
Then it took almost 20 years for a new 
generation to build the edifice of quan¬ 
tum electrodynamics, established on 
Dirac*s equation but taking into ac¬ 
count a world of photons. Its predic¬ 
tions are now tested over the widest 
range of experiment, from cosmic radi¬ 
ation showers with a million positron- 
electron pairs, to a 10-figure precision 
tit to the properties of a real Interacting 
electron. 

After 1934, Dirac’s productivity fell 
sharply. He was still a source of good 
new ideas; his secret war work on cen¬ 
trifuges for uranium isotope separation 
is now public and classic in that engi¬ 
neering field. (He was never in the Least 
impractical about the physical world, 
in spite of his social reticence and his 
politely tactless speech.) He was a pio¬ 
neer in quantum studies of the elusive 
magnetic monopole, even sketching out 
its topology. He offered an original cos¬ 
mological proposition that suggested 
rational grounds for expecting a change 
in the “constants" of physics over time. 
But he remained out of the strong new 
currents of theory; his last widely cited 
paper was published in 1950. 

The 1980s found the elderly Dirac 
an admired sage, articulately uncon¬ 
vinced by the instrumental victories of 
present theories of particles and the 
forces between them. Fie still saw them 
as “complicated and ugly." For him 
they were hopelessly marred by renor¬ 
malization; their inescapable but cun¬ 
ningly isolated infinities all shrugged 
off for the while, Dirac often wrote on 
the role of mathematical beauty and of 
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the unity of method as the true touch¬ 
stones of high theory. 

His aesthetic has its brilliant theorist- 
followers still; it is only that their beau¬ 
ties are not his, even though the novel 
algebra of their fields describes our 
world quite well, abuzz with diverse 
particles as it is* Dirac’s famous discov¬ 
ery had also made elegant physical use 
of an unexpected algebra* Maybe the 
world will turn out beautifully down 
among the minute strings, its beau¬ 
ties far subtler than the 60-year-old 
Dirac equation* This volume is a de¬ 
lightful and instructive evocation of a 
remarkable human being by way of a 
judicious and documented passage 
downstream following the Dow of mod¬ 
em physics. 


Hunger in History: Food Shortage, 
Poverty, and Deprivation. Gener 
al editor, Ludle F. Newman. Associate 
editors, William Crossgrave, Robert 
W. Kates, Robley Matthews and Sara 
Millman. Basil Blackwell, Inc., 1990 
($39.95). 

O n the island of Samos a long in¬ 
scription in marble has honored a 
politician ever since the middle of the 
third century b.c. To help finance pub¬ 
lic grain purchases during three dis¬ 
tinct times of food shortages, he had 
"advanced all the money required for a 
reserve fund as the people had re¬ 
solved." The lesson we draw is not of 
unique civic merit; "the Greek world 
was full of men like Boulagoras of 
Samos," men memorialized by hun¬ 
dreds of similar inscriptions. Rather we 
infer that crop crises were common in 
the classical Mediterranean world. But 
we know as well that famines were 
rare. Public benefactors, of necessity 
rulers and rich men, acted to arrest 
"the slide from crisis into catastrophe.” 
Modem rainfall data in the region offer 
striking confirmation: the failure rate 
for a wheat crop is about one year in 
four, barley fails about one year in 20, 
but concurrent failure of both grains 
for two years in a row is not to be ex¬ 
pected over many centuries* An afford¬ 
able grain reserve works; the state can 
indeed moderate public hunger. 

This unusual volume reports a recent 
year-long interdisciplinary' seminar at 
Brown University, in which the re¬ 
searchers viewed history through a 
zoom lens. Four sections look closely 
al four powers of 10 in time: from 200 
centuries ago until the still puzzling 
worldwide rise of agriculture; 10 or 20 
centuries back, at those urban socie¬ 
ties that developed agriculture; one or 
two centuries ago at Europe and its 


colonial empire; and, finally, the dec¬ 
ades just past. Method and evidence 
change sharply with focal length. 

Half a dozen well-argued if some¬ 
what stiffly written essays of analysis 
and overview by the editors and their 
colleagues are interspersed among a 
similar number of tighter studies by 
invited specialists of wide reputation. 
One detailed demographic account is 
built mainly from finding and counting 
a great many small Maya ruins hidden 
in the green lowland forests a couple 
of hundred miles around great Tikal. 
The data allow reconstruction of the 
Maya population there from 300 b.c* to 
the present. A swift rise to a peak of 
three million people at about a.d. 800 
implies intensive land use; aerial pho¬ 
tograph and spade testify to wide¬ 
spread cropping of raised beds and ter¬ 
raced wetlands. Then the number of 
people fell steadily, by a factor of 30 
even before Cortes landed! Advanced 
agriculture faded to the low-intensity 
shifting culture of maize still to be 
seen there; we have "simply no con¬ 
vincing arguments" for the cause of 
that decline. Efforts to support a Mal¬ 
thusian collapse from land overuse or 
even from the social failure of elite 
management are explicitly rejected by 
this archaeologist. We need to know 
more history; the classic Mayas, like 
the rest of us, were complicated. 

A zoom lens allows both close-ups 
and a longer view. The subtitle lists 
three grades of hunger that frame the 
entire treatment: famine, or regional 
food scarcity for all; food poverty, 
when only certain households are in 
real want; and deprivation, when only 
certain individuals are denied by soci¬ 
ety or by biology. Food poverty re¬ 
mains for a tenth of our fellows, while 
the head count mounts, its “rates 
down, numbers high and constant." 

Our big systems fail big, too* Our 
century 1 has seen mass starvation. In 
1944-L 945, for example, food was 
wielded as a weapon against Holland to 
bring famine, absent from western Eu¬ 
rope for 125 years. Between 1959 and 
1961 one of the worst famines on rec¬ 
ord belied Chairman Mao's misguided 
command for a national Great Leap 
Forward, claiming 15 million or more 
deaths in China. 

In modern India wide freedom of 
public discussion has meant that no 
regional sign of famine escapes early 
warning, and indeed famine is no long¬ 
er present there. But in India (and is it 
absent from your city, American read¬ 
er?), food poverty—familiar, long en¬ 
dured, based on accepted social cate¬ 
gory—is endemic. In contrast, the very 
principles of the People's Republic of 


China speak against toleration of food 
poverty, and a fine record of genuine 
amelioration is there to be read. But 
the harsh truth of China's tragic years 
of crop failure was largely hidden by 
an implacable central authority, which 
claimed its customary grainloads out 
of the ruined harvests. Even after fam¬ 
ine was recognized, there was no oppo¬ 
sition to raise an outcry. The terrifying 
ravages were hushed up for two more 
decades. 

Deprivation is sometimes hidden in 
deficiencies of supply less patent than 
simple hunger. A long, patient queue 
of the iodine-hungry dwell along the 
high ranges from Peru across Central 
Africa, along the Himalayas and on to 
far New Guinea. Their unwitting im¬ 
pairment comes from the unmet needs 
of young women who while with child 
lacked a few pennies" worth of iodine 
from the distant sea* 

Overall scarcity is mainly on the sup¬ 
ply side, the lean harvest of Jacob's 
dream* More important in today’s 
world is failure of demand. Everyone is 
conditionally entitled to food, whether 
because they grow it, or share a crop, 
(or their parents do), or because they 
hold cash or valid stamps* Under stress 
that entitlement chain is broken. Amar- 
tya Sen, who has pressed this mod¬ 
el persuasively for a decade, makes 
clear that the famine of 1974 in Ban¬ 
gladesh, for one example, was a sharp 
failure of entitlement. The year saw' 
a good if delayed harvest; the under¬ 
nourished farm laborers confronted 
famine amid filled granaries. Their real 
wages had dwindled under the wide 
unemployment of a w r et planting sea¬ 
son and a speculative rise in prices. 
All food chains have many vulnerable 
links; those who w ? ould forge a strong¬ 
er chain must tug at each link. Is help 
for hunger best offered as new seed 
or ready food or cash or paid work or 
resettlement or new land or simply 
peacemaking? 

A very rich text, with valuable if 
cramped graphics, the book contains a 
concluding chapter (by Kates and Mill- 
man) that is a model for its width of vi¬ 
sion and its pointed summary, memo¬ 
rably phrased. 


The Science of Art: Optical Themes 
in Western Art from Brunelleschi 

to Seurat, by Martin Kemp. Yale Uni¬ 
versity Press, 1990 ($60). 

R enaissance Man is everyday banter 
by now', but this beautifully made 
volume by an art historian at the Uni¬ 
versity of St. .Andrews in Scotland 
show's us the unity of the visual study 
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of nature—the exalted mutual task of 
Renaissance science and art. Professor 
Kemp’s work on Leonardo da Vinci is 
well known. Here his canvas is wider 
still: the works and the writings of a 
great many artists refract the relevant 
visual science. 

The heavy book signals artistic inten¬ 
tions: its big, coated pages are Med 
with diagrams and reproductions, and 
the color plates glow with exemplary 
forms by the masters. Its readers are 
encouraged to be braver than most stu¬ 
dents of the arts: “1 am aware that this 
is not an easy book,” Kemp writes. As¬ 
suredly none of its diagrams and calcu¬ 
lations are beyond any educated reader 
able to admit that some pages may 
take more time than others. 

The seven chapters group into three 
parts: the first is the longest, the rise 
and elaboration of the sightline—the 
“beguilingly simple” linear perspective 
invented by Filippo Brunelleschi and 
displayed by him in a public demon¬ 
stration, complete with a mirror and a 
purposefully doctored painting of his 
own of the area near the Cathedral of 
Florence before 1413. By 1426 the first 
masterpiece of Florentine perspective 
could be admired: here is Masaccio’s 
great painting Trinity in witness, ac¬ 
companied by diagrams that show the 
implied structure of rays. 

Generation by generation, the artists 
are cited, illustrated, compared, even 
mapped. Piero della Francesca pub¬ 
lished treatises with original results 
both in pure and in applied mathemat¬ 
ics. What were Galileo's moon paint¬ 
ings but careful wash perspectives of 


shadows cast on curved surfaces? Al¬ 
brecht Diirer taught the Tuscan art ex¬ 
plicitly, hoping to reach young German 
artists “who have grown up in igno¬ 
rance like unpruned trees.” The visual 
analyses and texts record the growing 
complexity of the painters’ work; they 
soon knew a naive, one-eyed, station¬ 
ary and small-angle perspective was far 
from enough, and the artful subtleties 
flourished: multiplicity of all kinds, 
texture, shadow, free approximations. 

The famous foreshortened lute Diir- 
cr used is shown as plotted tediously 
point by point. Workable instruments 
for perspective go back to the begin¬ 
ning. Their fascinating story forms the 
second part of the book. The Nurem¬ 
berg jeweler-artist Wenzel Jamnitzer, 
whose extraordinary perspectives of 
solid potyhedra are daunting in their 
number and intricacy of detail, is por¬ 
trayed using a kind of pantographic 
linkwork that plotted points on paper 
for the artist as he simply sighted on 
the scene. 

The convex lens—“as used by old 
men in their spectacles”—was by 1570 
projecting real images for the painter. 
The paintings of jan Vermeer, all those 
minute details, varied scale, matte and 
glistening textures, reflections, shad¬ 
ows, even to lenslike circles of confu¬ 
sion in the highlights, have long been 
compared with images made by the 
camera obscura. A recent study has 
shown how Vermeer's rooms can be 
mapped from the paintings to provide 
a seductive model of his actual prac¬ 
tice: first he plotted an overall view by 
camera lens, and then he moved stool 



Two draughtsmen plot points for the drawing of a lute in foreshortening, from 
Diirer r s Underweyssung, 1525, 


98 Scientific American November 1990 






















































Baidassare Land T s device for the per- 
spectival projection of a view on the 
imide of a cylinder, from Vignola's l ,e 
due regale, 1583 * 


and easel to predictable place after 
place around the room to render the 
lighting and those matchless details. 
His was no mechanized art, but a long 
string of aesthetic choices. 

The third and shortest part of the 
text treats 11 the color of light” as the 
painters saw it. Theory rules, and it is 
the writings of the artists and philoso¬ 
phers that carry most of the evidence. 
The classical tradition of Aristode could 
not really explain pigments and color. 
Newton opened the entire topic with a 
rational spectrum, but the subjectivity 
of color and the complexity of the en¬ 
tire perceptual system led to a tide of 
theories. 

By the 1880s Georges Seurat had de¬ 
clared himself an optical painter. He set 
a high standard. His famous big can¬ 
vases built on campaigns of effort; the 
Sunday in the Park painting was pre¬ 
ceded by more than 60 known draw¬ 
ings and studies. Their color is not em¬ 
placed in points or dots but in tiny di¬ 
rectional dashes and strokes, like iron 
filings. 

For our thoughtful author, this 
marked the high point of the artist’s 
exploration into the optics of nature 
(illusions of the eye aside). Naturalism 
had attained such verisimilitude that it 
seemed its power could grow no more. 
For centuries, painting on the one hand 
and science on the other had happened 
to walk on the same path. Each part¬ 
ner %vas eager to reconstruct visually 
the truth of appearances, each accept¬ 
ing a common limitation to observa¬ 
tion, But by the time of distorting mir¬ 
rors and surely after Galileo's optic 
tube, a parting of their ways was fore¬ 
seeable. Something is there behind 
appearances; the old and happy collu¬ 
sion will have to adapt to a more ab¬ 
stract realm if ever a wholeness of per¬ 
ception is to come again. 
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ESSAY 

Competing in the world’s 
computer market 



by J. Christopher Westland 


F or most of the 20th century, the 
U.S. has innovated and prospered 
in computer technology. We dom¬ 
inate standards from microcomputers 
to the world's fastest supercomputers. 
U.S, companies currently produce more 
than three quarters of the world’s soft¬ 
ware and software services, running a 
$9-billion annual trade surplus in the 
process. And we provide the vast ma¬ 
jority of the world’s commercial on¬ 
line data bases. High-technology prod¬ 
ucts represent a $3 50-billion share of 
our economy. U.S. know-how continues 
to set global standards in processor ar¬ 
chitecture, peripherals, artificial intelli¬ 
gence, neural networks, optical char¬ 
acter recognition, voice recognition, 
music synthesis and many other com¬ 
mercial technologies. 

Yet after a decade of enthusiastic 
support for computer technology, U.S. 
investors arc taking a bearish view of 
the industry. That pessimism has hurt. 
In 1989 investment was only S2.5 bil¬ 
lion in computer-related venture funds, 
down from $3 to $4 billion the prior 
year. Ernst & Young’s recent survey of 
775 chief executive officers concluded 
that U.S, high-technology industries in 
the 1990s will rely increasingly on for¬ 
eign capital. Of the CEOs surveyed, 25 
percent cited capital as their main con¬ 
cern, but almost half (48 percent) of 
fledgling companies those with less 
than $5 million in revenues—identified 
access to capital as their foremost con¬ 
cern. It is precisely the latter firms that 
are developing some of America’s best 
and most creative computer technolo¬ 
gies. Ingenuity, energy and talent are 
wasted when firms cannot package 
their technology' in marketable prod¬ 
ucts because of capital shortages. 

In essence, America’s investors are 
selling short in U.S. computer technolo¬ 
gy and impoverishing an exceptionally 
successful and competitive industry in 
the process. 

To obtain capital, the U.S. comput¬ 
er industry' has been forced to look 
abroad. Ernst & Young’s study predicts 


that in the next five years, 27 percent 
of the industry's capita) needs will be 
met by foreign sources, up from the 
current 16 percent. Roughly one quar¬ 
ter of the CEOs polled expected their 
companies to be acquired by a foreign 
company in the next five years. 

Our competitor nations have an eas¬ 
ier time raising capital. The Bank of 
Japan lends money to many firms in 
their computer industry' at interest 
rates one fifth those charged by U.S. in¬ 
stitutions. The 1988 rate of return re¬ 
quired to cover financing for R&D in 
the U.S. was an alarming 20.3 percent, 
compared with 8.7 percent for Japa¬ 
nese R&D projects and 14.8 percent 
in Germany. This forces LIS. manufac¬ 
turers into markets where payback is 
quick, risk is low and profits are high, 
resulting in a patchwork quilt of unco¬ 
ordinated strategies for the develop¬ 
ment of computer technologies. 

The failure of American investors to 
pursue U.S. computer technology has 
eroded the demand for patents on ba¬ 
sic R&D. The resulting price drops 
have ted such technology offerings to 
become ’’bargains” in the eyes of for¬ 
eign investors. The Japanese comput¬ 
er industry', in particular, has sought 
out investments in American computer 
technology. Such investments present 
foreign investors with an excellent op¬ 
portunity to “lock up" patent rights on 
many marketable and innovative tech¬ 
nologies without incurring the risk and 
expense of their development. One es¬ 
timate places Japanese investments in 
U.S.-originated patents at $10 billion; 
the value of these investments in the 
final marketplace is perhaps hundreds 
of times that amount. 

Five factors coincide to discourage 
U.S. investment in computer technolo¬ 
gies. First, returns from these invest¬ 
ments are difficult to predict, requir¬ 
ing an understanding of the poten¬ 
tial uses of that technology as well as 
the difficulties in its production. Even 
if a product is viable in the current 
environment, investors recognize that 
standards change over the product’s 
life. The tendency to bet on a proved 
track record works to the disadvantage 
of new entrepreneurs, many of whom 
have the best ideas to offer. 

Second, the U.S. is highly dependent 
on foreign technical markets to fuel its 
continued success. But there is every' in¬ 
dication that the U.S. plays by a differ¬ 
ent—and generally more ethical—set 
of standards than do computer tech¬ 
nology- firms in other countries. The 
flourishing international trade in pirat¬ 
ed and reverse-engineered software 
threatens the health of U.S. software 
producers. Third, salaries and benefits 


for managerial and technical personnel 
in the military-industrial complex may 
exceed those of similar jobs in the civil¬ 
ian sector by nearly 50 percent. This 
imbalance has inspired a sizable drain 
of talent away from consumer indus¬ 
tries. If the military's research were 
transferable to commercial uses, such 
a situation would be less troublesome. 
Bur most military' research is highly 
specialized, with little transferability to 
other areas. Fourth, negative publicity 
concerning lack of scientific and tech¬ 
nological awareness among the U.S. 
public has cast aspersions on the tech¬ 
nological competence of U.S. industry. 
And fifth, the litigious environment 
surrounding the U.S. computer indus¬ 
try has made introduction of products 
unpredictable. 

These afflictions are not insurmount¬ 
able. Changes in the way we currently 
approach R&D could make the indus¬ 
try more attractive to investors. 

We should give priority to research 
with dearly defined products and mar¬ 
kets. Products need not be restricted to 
commercial markets; in areas of funda¬ 
mental research, such as high-tempera¬ 
ture superconductors, for example, the 
“markets” may actually be other re¬ 
search projects. 

We need to support production tech¬ 
nologies concurrently with our support 
of product technologies. Current prac¬ 
tice favors research that designs prod¬ 
ucts through prototypes or laborato¬ 
ry' experiments. These products often 
remain laboratory curiosities. Even 
though the products are marketable, 
supporting production technologies 
may not exist to manufacture them in 
commercial quantities at acceptable 
quality levels. 

Finally, we must encourage the ex¬ 
change of information on production 
and product technologies. Smaller com¬ 
panies especially need assistance to 
keep current with new product re¬ 
search and legal developments. It is 
here that industry and government 
consortia can be most effective in spur¬ 
ring productivity. 

These suggestions represent real op¬ 
portunities for our computer indus¬ 
try' to build on its successes and re¬ 
main globally competitive. By ignor¬ 
ing these opportunities, the U.S. will 
slowly, but surely, relinquish its dom¬ 
inance of computer markets to for¬ 
eign rivals. 


J. CHRISTOPHER WESTLAND is as¬ 
sistant professor of information sys¬ 
tems in the School of Business Admin¬ 
istration at the University of Southern 
California. 
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